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Two-dimensional micro strip-like components find 
applications in microwave integrated circuits (MICs) and in 
planar microstrip antennas. These components have their 
lengths and widths comparable to, or greater than, the 
wavelength at the frequency of operation but the height is 
much smaller than the wavelength. The methods for analysis 
and design of two-dimensional components, that have been 
proposed in the literatiore, include the Green's function 
approach, the co\Hitour integral method, the spectral domain 
analysis, and the finite element method. The Green's fun- 
ction approach is based on the availability of the impedance 
Green's functions for certain regular shapes such as rectan- 
gles, circles, annular rings, circular and annular sectors, 
and three types of triangles, viz., equilateral, right- 
angled isosceles, and 30^ - 60*^ right-angled. Segmentation 
method is available for shapes which can be partitioned into 



these regular shaped segments. Some of these techniques, 
namely, the finite element method, the Green's function 
approach, and the spectral domain tedinique have been used 
for the analysis of microstrip patch antennas also. 

The use of segmentation method for analysis and design 
of microstrip patch antennas is proposed in this thesis. A 
complementary tedinique called de segment at ion mettiod is 
proposed for analysis of two-dimensional components in MICs 
and in microstrip antennas. The proposed techniques are 
used in the design and optimization of three types of singly 
fed circularly polarized microstrip antennas. 

The Green's function approach for analysis and design of 
planar microstrip antennas, as used in this thesis, employs 
impedance Green's functions for segments with magnetic wall 
boimdaries. In this method, the antenna is modelled as a 
multiport resonator with the magnetic wall boundary located 
slightly outside the physical periphery to compensate for the 
fringing reactive fields. The periphery of this resonator is 
divided into a discrete number of sections of small widths. 
Each of these sections is considered as a port of the multi- 
port network. The Z-matrix for this multiport is evaluated 
using Green's function(s). For antenna configurations of 
irregular shapes (i.e. those for which Green’s functions are 
not available), the segmentation and the desegmentation method 
are used. The ports on the periphery, of the antenna are 



terminated hy conductances to account for the radiated power - 
The element of the Z-matrix of the resultant loaded 
multiport network gives the input impedance at the ith port. 
The radiation characteristics are evaluated in terms 
of the magnetic current equivalent to the voltage distri'- 
button along the periphery. 

In the desegmentation method {proposed in this thesis) 
one or more regular shaped segments are added to the given 
irregular shaped segment such that the resultant shape is 
either a regular shape or a combination of regular shapes. 

The segment (s) added and the resultant shape are analyzed by 
Green’s function approach and segmentation method. The 
characterization for the given circuit is obtained in terms 
of the characterization of the added segment (s) and that of 
the resultant circuit configuration. This method has been 
formulated both in terms of Z-parameters and in terms of 3^ 
parameters. The validity and applications of the method 
have been illustrated by several examples of lumped circuits, 
transmission line circuits, and planar circuits. The de- 
segmentation method has also been used to evolve a generalized 
method for de-embedding of multiport networks. 

Two different design philosophies have been proposed in 
the literature for obtaining circular polarization from micro- 
strip antennas. In the first case, one uses structures (e.g. 
squares and circles) with two spatially orthogonal modes which 



are excited in phase quadrature by two separate feeds. This 
arrangement requires a 90*^-hybrid for feeding the antenna. 

The other philosophy makes use of two spatially orthogonal 
modes which are resonant at slightly different frequencies 
and the antenna is excited at an intermediate frequency by 

m 

a single suitably located feed point. In this case the 90*^- 
hybrid is not needed. Several configurations of the latter 
category have been suggested in the literature. However, 
detailed analysis and designs have not been reported. 

In this thesis, three types of such antennas (viz., a 
nearly square patch with diagonal feed, a corners chopped 
square patch, and a sqimre patch with a diagonal slot) have 
been analyzed and optimized. Desegmentation method outlined 
above has been used for this purpose. The results are vori~ 
fied experimenta3.1y . 

A nearly square patch circularly polarized antenna (for 
which an axial ratio of about 1.4 dB has been reported ear- 
lier) is optimized using Green's function approach. The 
optimum ratio of length to width of the rectangle that gives 
the best axial ratio is found to depend on the thickness 
and dielectric constant of the substrate. Antennas on 
substrates having different thickness and values of dielectric 
constant have been optimized for axial ratio and input VSWR 
with respect to a 50 ohm coaxial line. Axial ratio as good 
as 0.45 dB with input 7SWR equal to 1.73 (substrate 



= 2.52), and in another case an axia 


thickness = l/S”, 
ratio of 0.17 dB with input VSWR equal to 1.33 (on l/l6" 
thick substrates with = 2.52 and 2.49) have been realized 
in S-band . 

A corners chopped square patch antenna has also been 
analyzed and optimized. The antenna configuration is a 
square patch with two right~angled isosceles triangular 
segments from opposite corners removed. The method of 
iesegmentation is used for analysis. The optimum value of 
truncation for the best axial ratio is determined. Axial 
ratio of 0.02 dB (input 7SWR =2.2 on l/8’* substrate) and 
0.12 dB (input VSWR = 1.6 on l/l6’* substrate with = 2, 51) 
have been achieved for S-band operation, 

A square patch antenna with a diagonally located slot 
iias also been optimized by de segmentation method. The dimen- 
sions of the slot for the best axial ratio and the feed 
location for the best input VSWR are optimized. An axial 
ratio equal to 0.2 dB with input VSWR about 2.2 has been 
obtained. 

A comparative study of the three structures, outlined 
above, reveals that a square antenna with a diagonal slot 
iiaa the best axial ratio bandwidth whereas a diagonal fed 
Clearly square antenna has best input VSWR values. 
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INTRODUCTION 

This chapter is a brief review of the two-dimensional 
(2-d) components used in microwave integrated circuits (MICs) 
and 2-d micro strip antennas. An outline of the rest of the 
chapters is also included. 

1.1 TWO-DIIIBNSIONAI COMPONENTS 

The use of 2-d components in microwave integrated 
circuits (MICs) has been proposed about a decade back [l] - 
[ 4 ]. These components have two dimensions comparable to or 
greater than the wavelength. The third dimension is much 
smaller than the wavelength and therefore these components 
are known as 2-d components. The liiree types of possible 
configurations of 2-d components are ; (i) triplate or 
stripline-type as shown in Fig. l.l(a)f (ii) open or 
microstrip- type showi in Fig. l,i(b) and (c); (iii) waveguide 
or cavity-type as illustrated in Fig, 1.1(d), The stripline- 
and microstrip-types of circuits find applications in MICs 
and can be considered as generalizations of respective one- 
dimensional (l-d) circuits when the transverse dimension 
becomes comparable to the wavelength at the frequency of 
operation. The waveguide-type circviit shown in Pig. 1.1.(d) 
can be regarded as a special case of three-dimensional (3-d) 
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waveguide circuits where the height is much smaller 
than 1116 wavelength, 

^ Applications 

The 2~d components find several applications in 
microwave integrated circuits, waveguide circuits, and 
ferrite components. Some of -the major applications of the 
2 -d components are listed below. 

Two-dimensional components form good resonators 
compatible with microstrip circuits. Rectaaigular and 
circular geometries have been used as resonators for quite 
some time [l], [5]. Ihe triangular components have been 
proposed for resonators as well as for use as prototype 
elements for band-pass and band-stop filters [6], [?]- The 
gap coupled triangular segments have been .proposed for 
filter circuits [6] and the triangular resonators have been 
used in the design of three port circulators [7]. More work 
on triangular resonators has been reported [8], [9] recently. 
The rhombic and hezagonal resonators have also been proposed 
[8]»C 9] foi* u-se in MICs. 

Designs of several new circuits have emerged as a 
result of the development of 2-d circuits. Use of a circular 
disk resonator as a 3-<3B hybrid [5]# and as a coupled mode 



4 


filter [lO] has been reported. T-junctions with triangular 
geometry have been proposed [8] for use in inphase power 
dividers and branch line hybrids. It has been shown that 
the triangular shaped T-junctions exhibit better performance 
than their counterpart with rectangular geometry [8] in. 
stripline and micro strip circtxitry. 

^ • ffon-re ci pr o cal elements 

Non-reciprocal components may be designed by fabricating 
2-d circuits on ferrite substrates [ll]. The analysis of 
such circuits has been carried out using the 2-d approach 
discussed in the nelt section. A optimized wide-band 2-d 
circulator has also been reported in the literature [l2]. 

D . Discontinui ti es as 2-d ^ e l ements 

Equivalent circuits have been reported for several 
discontinuities in stripline and in microstrip lines [l5]» 
[l4]. For several discontinuities the equivalent circuits are 
not available » These discontinuities can, in general, be 
considered as 2-d components and analyzed by using 2-d 
approach [8]. Moreover, this approach yields better 
characterization of the discontinuities than the use of 
equivalent circuits which are mostly based on qua.si-static 
considerations. Thus the 2-d approach can be considered as 
a general technique for analyzing stripline and microstrip 
line discontinuities [15],[8]. 
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Several waveguide discontinuities, when the geometry 
and the modal fields are uniform along the thickness, can 
also be analyzed by 2-d approach, 

1.1.2 Methods i for ana lys is _ of 2 ~d ^co mp onents 

The geometry of the 2~d component (i,e, the shape of 
the central conducting patch in a triplate structure or liie 
upper conducting patch in microstrip type circuit) governs 
the choice of the method of analysis. A brief review of 
various methods of analysis of 2-d components is given 
below.- 

• Spectral domain ^a ll^sis [ t6] - [ 18] 

This technique has been used for quasi-static as well 
as for full-wave analysis of some of the 2-d configurations. 
In quasi-static approach, the capacitance for the circuit 
configtiration is evaluated by solving the Poisson's equation 
in the Fourier transform domain. In full-wave analysis, 
Galerkin's procedure is employed to deduce a determinantal 
characteristic equation from the coupled algebraic equations 
in the Fourier transform domain. This method has been used 
for rectangular [l6], circular [l73» triangular [19], and 
some other composite shapes [t9]. 

B. Finite element and contour integral techniques 

The finite element method [2] and the contour integral 
approach [l] have been employed for analyzing 2-d components 
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of arbitrary geometries such as one shown in Fig. 1.2. In 
finite element method [20], the conducting patch is divided 
into several segments and certain basis functions are integra- 
ted over each of these segments. 

The csontoxir integration approach [ 1 ] has been specifi- 
cally proposed for 2-d component analysis and is based on 
Green's theorem in cylindrical coordinates. In this approach 
the voltage at a point on the periphery is evaluated in terms 
of a line integral along the periphery. 

^ • Green's f u nct ion a ppr oa ch 

When the component, or segment, is of simple (regular) 
shape, the impedance Green's function [l] technique is the 
most appropriate method. Green’s fxinctions for shapes such as 
rectangular [l], circular [5], right-angled isosceles triangle, 
equilateral triangle, 30°-60° triangle [2l], and for circular 
sectors, annular sectors and annular rings [22] are available. 
The impedance matrix of 2-d elements with specified locations 
of ports can be found using these Green's functions. 

In more general situations, when the geometry of a 2-d 
circuit can be considered as combination of regular daapes 
(i.e. for which Green's functions are available) the segmenta- 
tion method [3], [4], [23] can be used for evaluating the 
characteristics of the given circuit in terms of those of the 
regular shaped segments. Some examples of these shapes are 
shown in Fig, 1.3(a), There are several situations where the 
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=iG. V3 EXAMPLES OF CIRCUIT CO^MFKJURATIONS WHERE 

(a) Segmentotion method fs applicable i 

(b) Segmentation method is not applicable 
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segmentation method is not applicable* Two examples of such 
circuits are shown in Pig. 1.3(b). Ho method, other than the 
numerical methods, of dealing with tj^ese shapes has been 
available so far. Each one of these configurations may be 
visualized as regular shape from which another smaller 
regular shape has been removed. A method for analyzing such 
configurations is proposed in Chapter Three. 

1.2 TWO-DIMEHSIOHAi MIGROSTHIP AHTEHNAS 

The term ’microstrip antennas’ is used for a variety of 
planar radiating structures on dielectric substrates sudi as 
shown in Pig. 1.4 to Pig. 1.7. These include patch antennas, 
travelling wave antennas, slot antennas, dipole antennas and 
have been discussed in the literature extensively [24] - [41 ]. 
More references to work on microstrip antennas may be found 
in [24] - [41 ]. Investigations in this thesis are confined to 
microstrip patch antennas which could be called 2-d microstrip 
antennas also. 

The concept of microstrip antennas was first proposed by 
Deschamps [24] in 1953. After twenty years since Deschamps 
proposal, Howel [25] and Munson [26] reported practical 
microstrip antennas. There are several attractive features 
of microstrip antennas which have made them very popular in 
the last decade. Some of these aspects are mentioned below. 

1.2.1 Speci al fe ature s of m icro s trip patch antenna s 

Microstrip patch antennas have several advantages over 
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the conventional antennas [38], The significant ones are 
listed below. 

i) Micro strip patch antennas are light in weight, have 
low volume and low-profile planar configurations which 
can be made conformal. These features make them suitable 
for mounting on missiles, rockets, and sattelites without 
perturbing the aerodynamic behaviour of the host vehicles. 

ii) Linear and circular polarizations (right or left handed) 
are possible, 

iii) Dual frequency antennas can also be designed easily. 

iv) These antennas are compatible with microwave integrated 
circuits so that solid state devices such as oscillators, 
amplifiers, variable attenuators, switches, modulators, 
mixers, phase shifters etc. can be easily fabricated on the 
antenna substrate itself, 

v) Peed lines and matching networks are fabricated simulta- 
neously with the antenna. 

On the other hand, the major shortcoming of microstrip 
antennas is their narrow bandwidth. Typical antenna bandwidths 
are of the order of 1 percent to 5 percent. Also, there is a 
possibility of excitation of surface waves which propagate 
along the surface of the dielectric substrate used for 
antenna. These surface waves can cause radiation in undesired 
directions and produce excessive mutual coupling between 
elements in antenna arrays. 
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The various linearly and circularly- polarized micro strip 
patch antennas and their methods of analysis are discussed in 
the following section. 

1.2.2 Linearly po lari z e d^ mic ro s trip pat ^ ant ennas 

Extensive work on linearly polarized micro strip antennas 
and antenna arrays has been reported in the literature. Well 
documented reviews and references are available in [37], [58]. 
Most of the linearly polarized antennas have simple shapes 
and are excited in the dominant mode, Por these antennas the 
magnetic currents, equivalent to the voltages at the radiating 
apertures, are linearly polarized and yield linearly polarized 
far-field. These antennas can be analyzed by modal-expansion 
method [32], [34] or by G-reen’s function approach [40]. Some 
of the shapes used for linearly polarized antennas are shown 
in Eig. 1.8. The eigen-functions for all these shapes are 
available [32]. Several other geometries which can be 
analyzed by modal-expansion method, have been reported in [32]. 
A detailed account of the linearly polarized antennas is 
available in [38]. 

1.2.3 Circ ular^ polarized m i c rostrip patch antennas 

The antennas designed for circular polarization are, 
generally, more complicated in shapes than those used for 
linear polarization. As is well known, a circularly 
polarized field can be decomposed into two components in 
space- and time-quadrature. If a radiating structure provides 
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these two components of the wave, circular polarization 
results. Circularly polarized antennas may be divided into 
two categories depending upon the mechanism responsible for 
providing the two components required for producing circular 
polarization. 

two^^ separate ly fed orth ogo nal 

modes 

These antennas consist of two orthogonal elements or 
single structixre capable of supporting two modes which are 
excited in phase -quadrature by using an additional phase 
shifting network such as 90°-hybrid. in example of this 
type of antennas is the cross ed-dipoles with an external 
90 '^-hybrid coupler. This antenna is capable of providing, 
both, the left-hand and right-hand circular polarizations 
depending upon the phase relationship between the two inputs. 
The circularly polarized microstrip patch antennas of this 
category C27],[37],[39j are shown in Fig. 1.9. The geometries 
of such ahtennas are, normally, simple and can be analyzed ty 
using suitable eigen-functions* 

• ^te^ag with ex ci ta tion of two orthogona l 
modes through a singl e f eed 

These antennas yield circular polarization by virtue of 
the physical configuration of the radiating structure. The 
space- and time-quadrature relationships are provided by the 
geometries of the antennas. Various circularly polarized 
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microstrip patch, antennas, with single feed, reported in the 
literature are ; the corner fed rectangle [31 ], [42], the 
slightly elliptical patch [35], [36], the square patch with 
diagonal slot [33], corners chopped square patch [33], the 
circular patch with a slot along the diameter [43], [37], 
the pentagon shaped patch [28], [44], and the capacitor loaded 
rectangular shaped patch [39]. The geometries of these 
antennas are shown in Pig. 1.10. 

The key point in operating mechanism of these antennas 
is the equal excitation of two orthogonal almost degenerate 
modes. Some assrmmetry is introduced to remove the degeneracy 
of the two modes. With the introduction of the asymmetry, 
the resonance frequency of one of the modes decreases whereas 
that of the other (orthogonal) mode increases and the modes 
are thus decoupled. These two modes are excited by selecting 
the frequency of operation and the feed point such that one 
of the mode voltages leads the input current by 45° whereas 
that of the other mode lags the input current by 45°. When 
this condition is fulfilled, circular polarization is 
obtained. 

The above discussed mechanism can be illustrated as 
follows. When the radiation losses are ignored and it is 
assumed that higher order modes are not excited, the two 
orthogonal modes can be represented by two resonant circuits 
as shown in Fig. 1.11(a), The variations of reactances with 
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FIGMO CIRCULARLY POLARIZED MICROSTRIP PATCH 
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(b) 


FIG.HKa) TWO ORTHOGONAL MOOES WITH RESONANCE 

FREQUENCIES FwANO Fio REPRESENTED BY 
LUMPED RESONANT CIRCUITS i(b) REACTANCE 
VARIATION WITH FREQUENCY- THE RADIATION 
RESISTANCE NOT SHOWN 
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frequency for the two circuits of Pig. 1,1 1(a) are shown in 
Fig, 1.11(h). ¥hen the frequency (P) of the input current I 
lies between Pq^ and P-|q» the reactance offered by one of 
the circuits is inductive whereas that offered by the other 
circuits is capacitive. If P^ ^ and P^q are separated by 
appropriate amount and P is choosen suitably, the magnitudes 
of the two reactances can be made equal, Now consider the 
two component circuits to be loaded by resistances represen- 
ting the radiated power as illustrated in Pig. 1, 12(a). The 
phasor diagram for various voltages and input current is 
shown in Fig. 1.12(b), It may be noted that the voltage 
across one of the circuits lags behind the current by 45° 
and that across the other circuits leads the latter by 45 °. 

The two voltages are thus in phase- quadrature. Since the 
field distributions of the two modes are spatially orthogonsl, 
the voltage vectors and V^q are oriented at right angle 
to each other. Such a situation can be realized to obtain 
circular polarization in various microstrip patch antennas of 
Pig. 1.10 by choosing suitable dimensions, the location of 
feed and frequency of operation. 

In the case of the corner fed rectangular (nearly square) 
antenna [31 ] of Pig. 1.11(a) the two dimensions ’a* and ’b’ 
are nearly equal. Two orthogonal modes ( 10 and 01 ) are 
excited when the feed port is along the diagonal of the 
rectangle. If the frequency of operation lies between the 
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resonance frequencies of these two orthogonal modes, the 
respective mode voltages can be made to be in phase q-uadra- 
ture. lo et al [39] have pointed out that circular- 
polarization is obtained when b = a( 1 ■*" q ^ » where Q is the 
quality factor of the antenna, l^lhen this condition is 
satisfied the resonance frequencies of the two modes are 
separated by a factor This antenna has been studied by 
Carver and Coffey [42] using the modal-expansion approach. 

The elliptical patch antenna of Fig. 1.10(b) has also 
been studied theoretically as well as experimentally [35], [36]. 
The asymmetry in the circular shape due to the eccentricity 
makes the resonance frequencies of the two spatially orthogo- 
nal modes slightly different and provides the necessary 
decoupling of the two orthogonal modes. The feed location 
suitable for this purpose is found to be at an angle 45° with 
respect to the semi-major axis. It has been reported [35], [36] 
that best circular polarization is obtained when the ratio of 
the minor to major axis is 0,976, The axial ratio remains 
within 6 cffl over a bandwidth of 1.5 percent (t,33 to 1.35 CHz, 

= 2.41 and substrate thickness = 0,3175 cm). The theoreti- 
cal investigations of this antenna have been carried out by 
Shen [35] using the Mathieu f\mctions to express the modal 
spectrum and solving the Helmholtz equation in elliptical 
coordinates. 
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The antenna configurations of Pigs. I,l0(c), (d) and (e) 
have been studied experimentally by Kerr [453>[33]. Theoreti- 
cal design and performance results about the slot antennas of 
Pig. 1.10(c) and (e) are not available. Detailed analysis of 
a corners chopped square patch antenna of Pig. 1.10(d) has also 
not been reported. 

The pentagon shaped antenna of Pig, 1, 10(f) has been 
experimentally studied by Weinschel [28] and theoretical 
investigations were carried out by Carver and Coffey [44] 
using finite element method. It has been pointed out 
by Weinschel [28] that this antenna exhibits circular- 
polarization over 1 percent bandwidth. It has been explored 
[44] that in this case also two orthogonal modes, in phase- 
quadrature, exist for a particular feed location. 

The capacitor loaded antenna [39] of Pig, 1.10(g) and (h) 
operate on the same principle as the corner fed rectangula,r 
antenna of Pig. 1.10(a). The effect of connecting the 
capacitor at mid-point of side 'b* (Pig, 1.10(g)) is to change 
the resonance frequency of one of the modes while the other 
resonance remains unchanged, the capacitor being located at 
null E-field point of the latter mode. Similar effect is 
produced for the antenna configuration of Pig. 1.10(h) when 
the feed is at mid— point of one of the sides as shown in 
Pig. 1.10(h), 
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1^2.4 Me th ods of ^ alyz in^ m icr o strip antenn as 

Several methods of analysis of micro strip patch antennas 
have been proposed in the literature. Some of these methods 
are suitable for geometries of simple shapes whereas the 
others (the numerical techniques) have been used for analyzing 
antennas with complicated geometries. It may be pointed out 
here that 2-d resonators and 2-d microstrip antennas differ 
only in terms of the thickness and dielectric constant of 
the substrates. In termas are normally constructed on substra- 
tes having less than lO and the thickness larger than 
those used for resonators. Thus the methods that are used 
for 2-d component analysis can be used for microstrip 
antenna analysis also. A brief review of the various 
techniques, proposed so far, is given below. 

E quival en t t ry i smission-l ine m ethod [26 ] ^ [37] 

This method is applicable to the analysis of rectangular 
antenna excited in the dominant mode. In this technique, the 
radiating element is modelled as a transmission-line. The 
radiating edges of the antenna are modelled as apertures, 
radiating into half -space, as shown in Pig. 1.13. The 
effective dimensions of the antenna are therefore greater 
than the physical dimensions by an amount equal to the 
sum of the widths of the two apertures. The physical 
dimensions ’b’ of the antenna is choosen slightly less than 
half -wavelength for the dielectric substrate so that 
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Transmission line model 


FIG- 113 A RECTANGULAR PATCH ANTENNA 
MODELLED AS TRANSMISSION LINE 
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due to the fringing field the effective dimension ’ is 

equal to half the wavelength and the two apertures are 
excited 180° out of phase. The aperture admittance [45], 
input resistance and resonance frequencies are calculated 
using the slot widths and the effective dimension i>g££ [26], 
[37]. The input impedance is calculated by referring the 
admittance of one of the apertunes to the location of the 
other aperture as illustrated in Fig. 1.13(b). The field 
distribution along the radiating edges is considered constant 
and the radiation characteristics are evaluated. Although 
this method is the simplest of all the methods, this has a 
few limitations because of one-dimensional approximations. 
These are [37] ^ 

(i) the method is useful for rectangular patches only; 

(ii) the field along the radiating edges is assumed constant 
which is not strictly true; 

(iii) it is assmed that the extension of the length of the 
model is same for all sizes of the patches; . 

(iv) the effect of the location of the feed port along the 
transverse dimension is not accounted for. 

Another method, which overcomes most of above 
mentioned shortcomings is the modal-expansion method 
discussed below. 

® • i^ohal-expansi on metho d [3 2] , [34], [ 3 7] 

In this approach the radiating patch is modelled as 
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resonator with magnetic walls. IHie location of magnetic walls 
is shifted outwards to account for fringing field and further 
analysis is carried out in terms of effective dimensions [46] 
which are slightly larger than the physical dimensions of the 
cavity. The field in the cavity is expanded in series of 
appropriate eigen-functions. The effect of losses, including 
those due to radiation, are accounted for hy considering an 
increased effective loss tangent [32] or hy employing 
impedance boundary conditions [34]. This approach has been 
foimd to yield accurate results and can be used for analyzing 
shapes for which eigen-functions are available [32], [34]. 
Although this method overcomes most of the shortcomings of 
the equivalent transmission-line method, it cannot be used 
for analyzing general patch antenna geometries such as shown 
in Pig. 1.10(c), (d), (e) and (f). In such situations the 
numerical methods such as finite element method [44] and 
method of moments [47], [48] are used, 

C . Pinl te element method [ 44] ^ 

The finite element method has been used by Carver and 
Coffey [44] for analyzing pentagon shaped patch antenna. The 
interior region of the microstrip antenna is mathematically 
decoupled from the exterior region through the use of an 
equivalent aperture admittance as boundary condition. The 
inhomogeneous wave equation, satisfied by the interior ele- 
ctric field, with impedance boundary condition along the 
antenna wall perimeter is solved as variational problem [37].. 
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As in the C8,se of analysis of 2-d circuit components, the 
antenna geometry is divided into several small segments 
(such as triangles or rectangles). Trial functions are used 
to solve variational problem in each segment and the boundary 
conditions are imposed locally along the edges of segments. 

The problem is treated as an eigenvalue problem and solved ' 
numerically. 

^ * Method of moments [47], [48 J 372 

In this technique the electric surface currents, flowing 
over the patch and ground planes, and the magnetic currents 
flowing over the magnetic wall are evaluated by using the 
Richmond's reaction method [48], [37]. The reaction integral 
equation is solved using the boundary conditions for liie 
surface currents and the method of moments. Using suitable 
expansion functions for electric currents, and electric test 
sources for magnetic surface currents, the integral equations 
are reduced to algebraic equations. The coefficients of these 
algebraic equations give the elements of the impedance matrix. 
Although this method could be used for analyzing patch 
antennas of arbitrary geometries, it is computationally 
expensive [37]. Out of all the methods discussed above the 
modal expansion method has been found to be the simplest and 
gives good accuracy. 
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® • Spectral ^ d oma in tec ^ i (^ue [ 51 3 » [ 52] 

The spectral domain technique proposed earlier [l6], 

[18] for microstrip transmission lines has been extended 
to analyze microstrip antenna structures [51 ], [52]. The 
formulation of the method [51 ] is based on the spectral 
domain immittance matrix which is derived from spectral 
domain equivalent circuits and the solution is obtained using 
G-alerkin’s method. In the case of a circular disk antenna, 
the full wave analysis has been carried out using Hankel 
transform [52], In this [52] approach the antenna is 
considered as a resonator. Since the problem is viewed as a 
homogeneous one (wherein no excitation is considered) no 
information about input impedance is obtained. 

“ • G-reen * s_^ fun ct ion approach [ 40 ] 

The Green's function approach with impedance wall 
boundary has been used for evaluating the input impedance of 
a circular disk microstrip patch antenna [40], The effect of 
thickness of substrate and of dielectric constant on VSWR 
bandwidth have been investigated and reported in [40], 

1.3 OUTLINE OE PRESENT INVESTIGATIONS 

The investigations reported in this thesis are aimed at 
the extension of the applicability of the Green's function 
approach (with magnetic wall boundary conditions) for design 
and analysis of 2-d components of more general shapes and 
of microstrip patch antennas. The emphasis is on the 
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design and optimization of circularly polarized patch 
antennas employing the G-reen's function approach and the 
de segmentation method developed during these investigations. 

The applicability of the Green’s function approach [l] 
has been extended, for analysis and design of 2-d components 
having shapes that could be considered as combination of 
simple shapes, by segmentation method [3] ,[4] ,[23]. It is 
proposed in this thesis that the Green’s function approach, 
with magnetic wall boimdary conditions, can be used for 
analysis and design of patch antennas. The proposed technique 
is developed in Chapter Two. In this approach, the antenna 
configuration is considered as a planar lossless multiport 
network obtained by dividing the radiating periphery of the 
antenna into a discrete number of small sections (so that 
field variation over width of each section is negligible). 

Each of these sections is considered as a port. The Z- 
matrix of the equivalent multiport network is evaluated 
employing Green’s f\inction. Eor more general shapes the 
segmentation and/or de segmentation methods are used. The 
elements of the Z-matrix so obtained are purely reactive 
since losses in the dielectric, in the conducting planes 
and the radiated power have not been incorporated. The 
ports of this multiport network are loaded with radiation 
resistances to account for the radiated power. 
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The input impedance and voltage around 1he periphery of the 
antenna (and therefit)m the radiation characteristics) are 
evaluated from the Z-matrix of the loaded network. This 
approach is applicable to antennas of more general shapes 
than those which could be analyzed by modal-expansion method. 

The formulation of the de segmentation method is 
developed in Chapter Three, In this method, a 2-d configu- 
ration (an irregular shape for which Green's function is not 
available) is considered as obtained by removal of one or 
more regular sha^pes from a larger segment which is either 
regular shaped or a combination of regular-shapes. The Z- 
or S-parameters for the regular shaped segments are evaluated 
employing Green's fimction approach. The Z- and S-parameters 
for the given segment can be evaluated in terms of those of 
the segments removed and those of the larger segment from 
which the segments are removed. The validity of the formula- 
tion is illustrated by several examples of lumped-circuits, 
transmission line networks, and planar circiiits. The S- 
matrix formulation is used to evolve a generalized method 
for de-embedding of multiport networks. An illustrative 
example is given. 

In the next three chapters the Green's fimction approach 
and the de segmentation method have been used to analyze and 
to optimize three types of circularly polarized micro strip 
antennas with single feed. These include three diagonal fed 
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nearly square patch antennas, two comers- chopped square 
patch antennas, and a square patch antenna with a diagonal 
slot discussed in Chapters Four, Five and Six respectively. 

The modal-*expansion method has been used by Carver and 
Coffey [42] for analysis and design of a comer fed (called 
diagonal- fed in this thesis) rectangular patch antenna and 
experimental value of axial ratio of about 1.4 dB has been 
reported. In the present investigations, the Green's 
function approach has been used to optimize the antenna 
polarization characteristics, ixial ratio as low as 0.17 dB 
has been achieved, and experimentally verified. Axial ratio 
limited bandwidth and VSTO bandwidth are evaluated. Optimi- 
zation is also carried out for input ITSWR with coaxial feed 
so that no external impedance matching network is needed. 
Three S-band antennas on different substrates are investi- 
gated. These results are reported in Chapter Four, 

Chapter Five gives the details of investigations 
carried out on a comers chopped square patch antenna which 
has been studied experimentally by Kerr [35], [45]. Ibe 
desegmentation method and the Green's function approach are 
used for optimizing the axial ratio and the optimum value of 
the truncation of two opposite corners of a square patch is 
arrived at. Axial ratio as low as 0,02 dB has been obtained 
in the analytical design and also verified experimentally by 
fabricating antennas on 1/8" and I/16" thick substrates. 
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Axial ratio and input VS¥R are studied as fimctions of frequency 
and the optimum location of the feed point is arrived at. 

Some experimental results on a square patch antenna with 
a diagonal slot have been reported earlier by Kerr [33], [43]. 
However, no procedure for theoretical analysis and design of 
this type of antenna have been reported as yet. In the 
present investigations, reported in Chapter Six, desegmenta- 
tion method is used to optimize the antenna performance, The 
axial ratio equal to 0,2 dB has been obtained theoretically 
and confirmed experimentally, Variations of axial ratio and 
input 7SWR with feed location are investigated. The axial 
ratio bandwidth and input VS¥R bandwidth are evaluated. 

The mechanism of operation of all the three types of 
circularly polarized antennas is explained in terms of two 
orthogonal modes in pha se -quadrature , The voltage distri- 
bution for a single feed that results in circular polarization 
(CP) is shown to be a linear combination of the voltage 
distributions of the two orthogonal modes. The resonance 
frequencies of the two orthogonal modes are evaluated theore- 
tically and are measured-. 

The thesis concludes with Chapter Seven which contains 
comparison of three types of antennas, a summary of the 
present work and some suggestions for further investigations. 



CHAPTER TWO 


GREER’S FURCTION APPROACH ARE SEGMERTATIOR METHOD 
FOR ARAIYSIS OF MICROSTRIP ARTERRAS 

As pointed out in the previous chapter, methods suitable 
for analysis of two-dimensional circuits may be used for 
analyzing microstrip patch antennas also. Analysis of 
microstrip patch antennas by modal-expansion of the field 
and the use of eigen-functions for magnetic wall botindary 
conditions has been proposed, and used successfully [32]. 
Coffey and Carver [42] have also used similar technique with 
impedance wall boundary conditions to analyze the corner fed 
rectangular patch circularly polarized antenna. The eigen- 
fvtnctions are known only for certain regular shapes. Some 
such configurations are shown in Fig, 2.1. When the antenna 
shapes are more complicated, such as shown in Fig. 2.2, alter- 
native methods of analysis are needed. Carver and Coffey 
have used the finite element method for analyzing the 
pentagon shaped antenna [29]. The Green’s function approach 
with impedance wall boundary [40] has also been used to 
compute input impedance of a circular disk antenna. 

In this chapter it is proposed that the Green’s 
function approach [1], which is frequently used for analyzing 
two-dimensional microwave circuits, can be employed for 
analyzing micro strip antennas also. Green’s functions for 
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FIG.21 PLANAR SEGMENTS FOR WH»CH EIGEN-FUNCTIONS 
ARE KNOWN 
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Square wKh dlogonql Tropczoldal antenna 


FlG.2-2 EXAMPLES OF ANTENNA CONFIGURATIONS 
FOR WHICH MODEL EXPANSION OR GREENS 
FUNCTION TECHNIQUE CAN NOT BE USED 
DIRECTLY 
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segments with magnetic wall "boundaries are used. The method 
may he extended hy using the segmentation method [ 23 ] find the 
de segmentation method, proposed in Chapter Hiree, to analyze 
antenna configurations of more complicated shapes of the type 
shown in Fig. 2,2. 

2.1 aiEEN»S FUECTIOF APPROACH 

2.1.1 Input im ped ^ ce and res onan ce frequency 

The given antenna structure is analyzed in terms of a 
planar model with magnetic wall boundary. The procedure is 
illustrated in Fig. 2.3. The physical boundary of the 
antenna is extended outward [6], [46] to take into account 
the effect of fringing field around the edge. The periphery 
of the magnetic wall model is divided into several sections 
and each section is considered as a port. The width of each 
of these sections is considered small enough so that the 
field variation over a portwidth is negligibly small. The 
impedance matrix of such a multiport network model is calcu- 
lated using the relevant Green’s function* For shapes such as 
shown in Fig. 2,2 the methods of segmentation and/or deseg- 
mentation are used. When the losses in the conducting plane 
and in the dielectric substrate are ignored, the elements of 
the impedance matrix, thus obtained, are purely reactive. 
Until this step of computations the elements of the Z-matrix 
are treated as real, which results in saving in computer 
memory requirement and computation time. When the elements 
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of the Z-matrix are used further in calculations on antenna 
characteristics, each element is treated as complex with 
real part equal to zero. The poles of the input reactance 
yield the resonance frequencies of the planar structure (the 
losses in the structure and the radiated power having been 
ignored for the time being). At resonance frequencies of the 
antenna the radiations from an antenna become maximum. Also, 
a circularly polarized antenna excited with a single feed 
exhibits linear polarization at resonance frequencies 
because only one mode is excited dominantly. This property 
has been employed, in Chapters Four, Five and Six, to measure 
the resonance frequencies of the antennas and are found to be 
in good agreement with those calculated theoretically. 

The losses due to radiation effect of the antenna are 
accounted for by loading the ports of the ideal multiport 
network model by radiation resistances [49]» [50] as illus- 
trated in Fig. 2,3. The values of the resistive elements 
(which terminate the ports) are calculated as follows : 

(i) calculate the radiation conductance for each of the 
straight sides, for viz. that for each of the three sides of 
the planar model of Fig. 2.3? (ii) distribute the radiation 
conductance to each of the ports, the values of the radiation 
conductance being proportional to the respective portwidths; 
(iii) consider the radiation resistances so calculated 
(Rjl^ = l/&^ where G-^ is the radiation conductance value at the 
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ith. port) to "be connected at the mid -point of the respective 
ports. The radiation resistance multiport network is con- 
sidered as one multiport network (p) and the multiport net- 
work representing the planar element as another network (a). 
This is illustrated in Fig. 2.4. The entries in Ihe Z-matrix 
of p-network are all zeros except the diagonal elements 
Zii(= which correspond to the radiation resistance 

values. The impedance matrix for the combination of a- and 
p-networks is evaluated using the segmentation method [Sj, 
[23] discussed in Section 2.2. The diagonal element of 
the impedance matrix gives the input impedance at the ith 
port. If an input port location is already specified, this 
port can be considered as an additional port (in addition 
to those already considered around 'th.e periphery of the 
patch) which remains xanterminated by the radiation resis- 
tance. One such input port, labelled as j port, is shown in 
Fig. 2.4. The necessity of adding the additional port is 
discussed later in Section 2.2.2. 

2.1.2 Yo It ag e aro und t he per i p he r y 

The element Z. . of the Z-matriz, evaluated as discussed 
in the preceeding section, gives the voltage at the ith port 
for a unit input current into the jth port. The voltage 
distribution around the periphery of the antenna, for any 
arbitrary location of the input port, is thus evaluated. It 
may be noted that the voltage around the periphery is a 
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complex variable having real and imaginary components which 
are in phase-quadrature. A graphical representation of ttte 
voltage variation along the periphery of the antenna can he 
used to predict radiation characteristics and polarization 
of the antenna. This aspect has been discussed later in 
Chapters Pour to Six. The numerical evaluation of the 
radiation characteristics, from the voltage distribution 
around the periphery, is discussed in Ihe following section. 

2.1.3 Evaluation _of ra di at io n cha racteri stics 

The voltage at any port (small section of the periphery) 
can be expressed as equivalent Huygen’s magnetic current 
source [32], 

K'= -2(S z S) (2.1) 

where K‘ is the surface magnertic curreiat density, the electric 
field at the respective port location directed along Z-axis, 

^ the unit vector directed along Z-axis, and n is the -unit 
outward normal to the magnetic wall. The relative orienta- 
tion of E', n and E are shown in Pig. 2.5(a)* The factor 
of 2 in (2.1) takes care of the image of the magnetic current 
with respect to the ground plane. As the thickness of the 
dielectric substrate, in case of planar microstrip antennas, 
is small and consequently there is no field variation along 
the Z-axis, eqn. (2.1) can be expressed as, 

K = 2(n X ^) 7^ 


f 


( 2 . 2 ) 
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where is the voltage at the respective port location and 
K represent the equivalent magnetic line current source (V) 
which corresponds to the integration of (2.1) over the thick- 
ness of the substrate.' The electric vector potential for 
the magnetic current given by (2.2), in general, is [32], 


P(r) 


=o/ 




-jlc-lr-r' 


411 


'-r *1 


dl(r' ) 


(2.3) 


where is the free-space propagation constant and r and 
r’ are the distance vectors of the field point and soxArce 
point respectively as shown in Fig. 2, 5(b). The integration 
is performed along the periphery of the antenna. When the 
voltage over a portwidth is considered to be constant in 
magnitxAde, (2.3) reduces to 




-3k lr~r‘i 
e ® dl(r') 


(2.4) 


where m is the number of ports considered around the boundary 
and is equal to the number of sections the periphery is 
divided in. The integration is thus performed over each 
portwidrth and summed up to evaluate the electric vector 
potential. The far-field at a distance r from the origin 
is then given by 




sin<p + P cos <p) (2.5a) 

Jr 

cos8 COST + sincp), 

(2.5b) 
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where and P^. are x and y components of the electric 
vector potential P(r). It may he noted that the magnetic 
current vectors have no component along Z-direction 
(Pig, 2.5(a)) and therefore the Z-component of P(r) is zero. 
The radiation field is given by (2,5a) and (2.5h), and 
are the two vectors in s pace- qua drature , and knowing 
amplitudes and the phases of Ej, and E„, from (2.5) > the 

ty (p 

polarization pattern and axial ratio, in any direction and 
plane, can be evaluated. 

2.1,4 Eval Tiatio n of ^ial ratio in broa d-side directi on 

As pointed out in the preceeding section, the axial 
ratio in any direction can be evaluated using the information 
obtained from (2.5). However, the axial ratio in broad-side 
direction can be evaluated from the directions and magnitudes 
of the magnetic current vectors (each vector being a complex 
quantity having two components which are in phase— quadrature 
with each other) rather than evaluating it from the far-fie3.d. 
This procedure is described below. 

The magnetic current distribution along the periphery 
is resolved into x- and y-components. Using (2.4), the x- 
and y-components of the electric vector potential, for far- 
field evaluation, can be expressed as 
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F^(r’) =T~e XI K,^(?’) J ^1(7') (2.6a) 


+0k^r’ 


i=1 


m 


XX 


c, 

X 


£ -ik r 

p (?.) =7-^e ^ 

y' 4Tcr 


+jk.r’cos^ 

E (r*) j e ° ^dl(r') (2. 

i=i i 


6b) 


where and are the components of magnetic current 
vectors along x~ and y-directions, evaluated from (2.2), and 
Kp is the angle, between the vectors r and r' as in Fig. 
2.5(b) , given by 


cos = cos© cos©' + sin© sin©' cos (9 “*9*) (2.7) 

As pointed out in the last paragraph of Section 2.1.3, the 
magnetic current has only x- and y-components. Hence, we 
have ©' = 90°, This reduces (2.7) to 


cos {jj = sin© cos (9 “9') (2.8) 

In © = 0 direction we have sin© =0, which makes cos Vp =0. 
Using this condition in equations (2,6a) and (2.6b) we 
obtain 


m 


- 3 k r 


X 4TT;r 


i=1 ^ix ^Ix 


^y 41^ ° 


m 

e -3kor 


• a XX » 

1=1 ly 


^iv V 


(2.9a) 


(2.9b) 


where W. and ¥. are the port widths along x and y directions, 

xx xy 
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Using equations (2.9) in equations (2.5), for 6=0, 
obtain 


we 


E, 


' q . = ^039) 


(2.10a) 


®(p ^^o^^x Sin9) 

In 9 = 0 plane, we have, from (2.9) and (2.10), 

m 


(2.10b) 


= 3K E 


. ik -!o 
0 *y ■’ 0 4iir ® 


^iy "ly 
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-3k ? = -3k 


-jk r 
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9 -“o^x >^^0 47rr i=i ix ■•±x 




(2.11a) 


(2.11b) 


On the other hand in 9 =i, 90® plane, the far field components 
can be expressed as I 

— r e '-•3k r ^ 

% = ^x=^’3^o 47if ® ° £i ^ix ^ix (2.12a,) 

m 


— — 3k„r 

E = -ik F = -ik 2. p o 

9 *^ 0 /y ^^o 4TCr ® i=1 



^iy V 


(2.12b) 


Since E^ and E^ are proportional to and the 

polarisation ellipse of the far-field can be evaluated from 
the summation of magnetic current at various sections. These 
summations of the magnetic current components in equations 

(2.6), (2.9), (2.11), and (2,12) are the vector additions of 
complex quantities. 
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2,2 SEGMENTATION METHOD [8], [25] 

2,2.1 The ora ul a tion 

Consider a 2-d segment (a) shown in Eig. 2, 6(a), for 
which the impedance Green’s function is not known. The given 
segment can he divided into two segments, p and y, which are 
interconnected by several discrete number of ports. The 
number of interconnected ports is decided by the nature of 
the field variation along the common interface between the 
segments. The segments p and y are regular shapes for which 
Green’s fimctions [l], [8], [21 ] are available. The impedance 
matrices for p- and y^segments can therefore be evaluated. By 
segmentation method the Z-matrix of the a-segment can be 
evaluated in terms of those of the constituent p- and y- 
segments. The ports on the periphery of the a-segment are 
named as 2 ports. These constitute unconnected ports of p- and 
Y-segments as illustrated in Eig. 2-6, The interconnected 
ports at the interface of p- and y-segments are named as m- 
ports on the p-segment side and n ports on the y-segment. 

These ports are numbered such that ith port on p-segment 
(i.e. ith from amorgst the m-ports) is connected to the ith 
port on y-segment (i.e. ith from amongst the n-ports). The 
impedance matrices of p- and y-segments can be expressed as 
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FIG.2-6 ILLUSTRATIVE EXAMPLE OF A CIRCUIT 
TO BE ANALYSED BY SEGMENTATION 
METHOD 
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where the har (-) "below the letters indicates a matrix or a 
multidimensional vector. At the interface between p- and y- 
segments we have 


I = -I 

-m -n 


( 2 . 15 ) 


The matrices ^ and ^ can be grouped together, after 
partitioning with respect to the unconnected and the connected 
ports, as 
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Substituting (2.15) in the last two equations of (2.16) 
and eliminating V , V . and 1 we obtain 

**111 ""ll 


[Z + Z 
‘•-mm -nn 


” '^n 




- ^ 3 ^ ^3 


or 


^ - 4>n - 2^3-’ [^3 - 4,j] Ij (2.17) 

Substituting (2.17) into the first equation of (2.16) and 
using = -Ijjf the Z-matrix of the a-segment is obtained as 




- Z . IZ’ . 

-3n-^-m3 


(2.18a) 


where 

Z' - = [Z + Z - Z - Z ]”^ [Z . - Z .] (2,18b) 

-m 3 ‘--mm -nn -mn -nm-^ '-%3 ' 

The relation between I. and V (= ]L) is obtained by 

■•"j **111 lu. 

subtituting (2.17) into the second equation of (2,16), and is 
given by 

3L - .L,„3 • (2.19) 

— m ‘--mm — mn -m 3-' —3 ' 

Equations (2.18) and (2.19) are used in antenna analysis by 
Green’s function approach as discussed in the following 
section. 

2,2.2 Appl ic ation to mic ro s trip a ntennas 

Consider a micro strip patch antenna configuration, with 
a feed port 3 ^ or 32 shown in Pig. 2.7(a), The Z-matrix of 
the multiport network, with loading effect of the radiation 
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FI0.2-7(a) THE PLANAR MODEL OF THE ANT€NNA 
STRUCTURE 

(b) RADIATED POWER IS ACCOUNTED FOR 
BY LOADING EFFECT OF /3- NETWORK, 
THE INPUT PORT IS LABELED Ji 
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resistances to accoimt for the radiated power, is evaluated 
using the segmentation method discussed in the proceeding 
section. In Fig. 2.7(b), the multiport network representing 
the planar element and the radiation resistance multiport 
network are represented by two networks a and p respectively, 
note that the input port (even when on the periphery ) is 
considered unterminated and corresponds to a 3 port in the 
segmentation method discussed in Section 2.2.1. Since 
usually there is only one feed port, the input impedance of 
the antenna is given by the equation (2.18), for 3 = 1 . For 
a unit electric CTirrent input at the port 3 , the voltages 
at the interconnected ports are given by (2.19). This holds 
even when a feed port, such as 3 ^ in Fig. 2.7, is located on 
the surface (inside the periphery) of the radiating element, 
as is the case in back feeding through a coaxial connector, 

"lihen it is desired to find a suitable feed port location 
for obtaining the best antenna performance, for example the 
circular polarization and/or impedance matching, additional 
ports are incorporated at the possible feed locations all 
around the periphery and/or on the surface within the peri- 
phery of the radiating element. The consideration of addi- 
tional unconnected ports on the periphery of the antenna needs 
no extra computational effort in evaluating the Z-matrix of 

the planar multiport model. Contrary to the scheme shown in 
Fig, 2.7, now we consider each of the elements of the 
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radiation resistance network as two port network (Pig. 2.8) 
rather than as a single port network as in Pig. 2.7. This 
is equivalent to taking out one terminal from each of the 
junctions of the radiation resistances and the mid-points of 
the ports of the multiport network representing planar model. 
One of these two terminals remains unterminated (named j) 
and the other port (named m) is connected to the respective 
port (named n) of the ideal multiport network, Por the sake 
of clarity only four ports of the multiport network, repre- 
senting the radiating element, have been shown (Pig. 2.8) as 
terminated by two-port radiation resistances. ¥hen these 
additional ports (shown in Pig. 2,8) are considered only 
equation (2.18) is needed for evaluation of the Z-matrix 
(of order jxj) and of the voltage distribution around the 
periphery for any of the j ports as feed port. The advantage 
of incorporating a large number of additional ports is that 
the voltage distribution for any of the input port locations 
can be evaluated by choosing the appropriate column 
of the Z-matrix which is to be evaluated only once. It may 
be pointed out here that incorporation of additional ports 
does not increase the order of the matrix (mxm) to be 
inverted in equation (2.18). The arrangement of Pig. 2. 7(b) 
is employed when feed port location is specified whereas that 
of Pig. 2.8 is used when feed port location is being searched 
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FIG.2'8 INCORPORATION OF ADDITIONAL PORTS 
(Shown dotted) 
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When the antenna configuration is a nonregular shape 
such that it can be divided into segments having regular 
shapes, the segmentation method is used to evaluate the 
Z-matrix of the equivalent multiport network of the planar 
model. The segmentation procedure for various shapes shorn 
in Pig. 2,2 is illustrated in Pigs. 2,9 to 2.12. The Z~ 
matrix of the individual segments is evaluated using the 
respective Green’s functions. The radiated power is 
accounted for by loading effect of radiation resistance net- 
work employi23g the technique as discussed in the preceeding 
paragraphs , 

2.3 DISCUSSIONS 

The use of the Green’s function approach, which is used 
often for analyzing 2-d components, is applicable for analysis 
of microstrip antennas- Green’s functions with magnetic wall 
boxindary conditions are used. This approach requires the 
segmentation method in terms of Z-matrices, for taking into 
account the effect of radiation resistance. The advantage 
of the method outlined above is that antennas of general 
shapes can be analyzed by employing segmentation and de seg- 
mentation methods. Also during the process of evaluation 
of radiation characteristics the input impedance of the 
antenna is obtained. At resonance frequencies of the 
antenna the polarization is linear and the corresponding 
far-field components become maximum. The approach des-cribed 
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SEGMENTATION 



FlG.2-9 DIVISION OF THE PENTAGON SHAPED ANTENNA^ 
OF FIG. 2-2# INTOFTVE SEGMENTS FOR ANALYSIS 
BY SEGMENTATION METHOD 
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FIO.2-10 DIVISION OF CORNERS CHOPPED ANTENNA, 
OF FIG.2-2,INTO THREE REGULAR SHAPED 
SEGMENTS FOR ANALYSIS BY SEGMENTATION 
METHOD 
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FIG.2-12 SEGMENTATION OF THE TRAFEZOlOAi 
ANTENNA INTO THREE REGULAR 
SHAPED SEGMENTS 
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above is illustrated by the analysis of a corner fed 
rectangular (nearly square), circularly- polarized, antenna 
in Chapter Pour. 

It may be noted that for antenna shapes such as those of 
Fig. 2.2, the number of segments and therefore the number of 
interconnections become large (Figs. 2,9 to 2.12). In 
segmentation method one is therefore required to deal with 
matrices of large sizes. For such situations, an alternative 
method called 'de segmentation* is proposed in the next 
chapter. This method is used for analysis and design of 
corners chopped square patch antennas and a square patch 
antenna with a diagonal slot in Chapters Five and Six res- 
pectively. 



CHAPTER THREE 


DESEGIEHTATIOR METHOD 

THere are several 'two— dimensional configurations ( such, 
as one shown in Pig. 3.1(a)) for which neither the impedance 
Green's function is available nor can such a configuration 
be analyzed by segmentation method. Such a geometry can be 
considered as obtained by removal of a circular sector (p) 
from a rectangular geometry (y) as shown in Pig. 3.1(a). In 
other words, if a circular sector (p) is added to the given 
segment a, the combination is a regular rectangle y* ^he 
concept of removal of one or more regular shapes from a 
larger segment which is either a regular shape (Pig. 3.1(a)) 
or a combination of regular shapes (Pig. 3.1(b)) has been 
termed as de segmentation in the following discussion. In 
this chapter, it is shown that Z- and S-parameters of the 
a-segment can be evaluated in terms of those of the p- and 
y-segments using the de segmentation method developed for 
this purpose. Since the p- and y-segments (Pig. 5.1(a)) are 
regular shapes, the Z-parameters, and therefrom the S- 
parameters, of these segments are evaluated employing the 
Green's functions. In general, p and y can themselves be 
combinations of regular shapes (such as y-segment in Pig. 
3.1(b)) and the segmentation method discussed in Chapter 
Two can be used for evaluating their characteristics. 
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FIG. 3-1 CONCEPT OF DE SEGMENTATION. COMBINATION OF 
o{-AND P-SEGMENT IS (a) REGULAR SHAPED 
SEGMENT (b) COMBINATION OF REGULAR SHAPED 
SEGMENTS 
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The theoretical formulation of the desegmentation 
method in terms of Z— and S— parameters is discussed in the 
following sections. The validity and applications of the 
method are illustrated by examples of lumped, 1 —dimensional 
and 2-dimensional circuits. 

3.1 BASIC CONCEPTS 

A general triplate planar circuit is shown in Pig. 
3.2(a). The basic equation governing the electromagnetic 
field in a triplate circuit, with magnetic wall boundary, is 
the two-dimensional equation [l] 


with 


+ K^)V 

Vt 


Y 


= 0 


= 0, where 

^2 ^2 


8x‘ 


E^d, 




2 2 


(3.1) 


p and e denote the permeability and permittivity of the 
dielectric material,, oJ> the angular frequency, d the spacing 
between the planar element and the ground planes, and E 

z 

denotes the electric field normal to the conductors. It may 
be pointed out here that the eqn. (3.1) holds good for a 
microstrip planar circuits (Pig. 3«2(b)) also. 


The analysis of such a circuit involves determination 
of the circuit parameters of its equivalent n-port network 






E-FIELO 


FIG* 3*2 (q) a 2-DIMENSIONAL triplate CIRCUIT 

(b) A 2-DIMENSlONAL MICROSTRIP CIRCUIT 
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as a function of frequency by solving (3.1). When the 
circuit pattern is of a regular shape (namely rectangular, 
circular, equilateral triangular, isosceles right-angled 
triangular etc.) the G-reen’s function technique can be used 
to find the solution analytically [l]. Also if the pattern 
can be divided into segments having regular shapes, such as 
for some circuits shown in Pigs. 2.9 ~ 2.12, the segmentation 
methods [5], [4], [23] can be used for analysis. Some times 
a planar circuit can be extended to a regular shape by adding 
another segment (or segments) of regular shape to it. Two 
examples of this kind are shown in Pig. 3.3. The trapezoidal 
planar circuit of Pig. 3.3(a). can be converted into an 
equilateral triangular circuit of Pig, 3.3(b) by adding a 
triangular segment to it. Similarly, the rectangular circuit 
with a slot (Pig. 3.3(c)) can be converted into a complete 
rectangle by addition of a rectangular patch to it as illus- 
trated in Pig. 3.3(d). This process of adding a segment (or 
segments) in order to convert the original configuration into 
a regular segment (or a combination of regular segments) has 
been termed as ' de segmentation ’ , In general, in the deseg- 
mentation method a regular pattern p is added to a non- 
regular pattern a (for which Green's function is not available) 
such that the resulting combination of a- and p-segments is 
also a regular pattern y or a combination of regular patterns. 
Characteristics of p- and y-segments can be computed using 
Green's function approach [l] and employing the segmentation 
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(C) 



I'-cIrcuH 

W) 


FIG-3-3 PLANAR CIRCUIT EXAMPLES TO BE ANALYZED 
BY DESEGMENTATION METHOD la) Given 
trapezoidal circuit;(b) Oesegmentatioft method 
applied to circuit (aljlc) Given rectangular ring 
circuit;(d) Desegmentation applied to circuit Ic) 
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methods [4], [23], if needed. The characteristics of the 
a— segment can be calculated by the method of de segmentation 
developed in this chapter. 

The desegmentation method can be formulated to evaluate 
either the S~matrix or Z~matrix for the a-segment, in terns 
of S- or Z-matrices for p- and y^segments. However, for the 
segmentation method, it has been shown [23] that the use of 
the Z-matrices is more efficient than that of the S-matrices 
[4]. S-matrix for the a-segment can be evaluated once the 
Z-matrix has been found using the segmentation method. These 
arguments are extendible to • desegmentation' also. This is 
illustrated later in this chapter. Also the Z-matriz for- 
mulation can be used conveniently for analysis and design of 
microstrip antennas because Z-matrices lead directly to vol- 
tages at various ports along the periphery of the antennas. 
This aspect has been, dealt with in Chapters Hive and Six- 

The formulation of the de segmentation method in terms 
Of S-matrices has been used to evolve a generalized method 
for de-embedding of multiport networks. This has been 
illustrated in the Section 3.6. 

3.2 DE SEGMENT ATI OH IN TERMS OE Z-MATEIGES 

The theoretical formulation of the de segmentation method 
using Z-matrices is discussed in this section. The applica- 
tion and validity of the method are illustrated by examples 
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of lumped, transmission line and two-dimensional circiiits. 
3.2.1 Theo re tic al f orm ulation 

Consider the ezample of a trapezoidal circuit shown in 
Fig. 3.3(a) and its extension by de segmentation as illustra- 
ted in Pig. 3.3(b), As in the segmentation method, discussed 
in Chapter Two, the continuous interconnection between a- 
and p-segments is ^replaced by a discrete number of inter- 
connected ports, named as c-ports on the a-segment and d- 
ports on the p-segment. Their number (= C = D) depends on 
the nature of variation of the field along the interface 
and is found by an iterative process in numerical computa- 
tions. Ports p and q are the external (unconnected) ports 
of a- and p-segments, respectively. 

We define I, I, and I as the current vectors 
and Vp, V^, 7^ and as the voltage vectors, at the ports 
p,c,d, and q, respectively, where p=:l,2, 
c = 1,2, C# d = 1,2, D; q = 1,2, Q. Since 

the c-ports are connected to respective d-ports, we have 
C = D and 



(3.2) 


The Z-matrices for a-, p- and y-segments, namely Z , ^ 
and respectively, can be partitioned into submatrices 
corresponding to the external (iin connected) and connected 



74 


ports as follows ; 





'-ppa 

-pc 

Acp 

^c_ 

^d 

hq~ 

-^d 

Aqp- 

^PPY 

Aq 

Z _ 

1 — qp 

Z 

-qqY-f 


(5.3) 


(3.4) 


(3.5) 


where a bar (-) below a letter 'Z* indicates a matrix or sub- 

matrix, The third subscript with submatrices in (3.3) - 

(3.5) is used to distinguish the submatrices of the same order 

Z . If Z and ^ are known. Z can be computed 
"^a “"Y "noc “"Y 

using the’ segmentation method [23]. 


U sing (3.2), (3.3), and (3.4), the Z-matrix for the y-segment 
can be expressed as 


Z 

•lai>Y 


Z - Z ZJ, z zi 
~ppa ~pc ^p ■s^pc 


Aid ^p 


\q^ ~ % ^< 1 . 


(3.6) 


where 


“ f^o+2da]“‘ hr 
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In the de segmentation meldiod we express ^ in terms 
of Zp and ^ using (3.5) and (3.6), This is equivalent to 
obtaining Z in terms of ^ and Z by employing the inter— 
connection relations given in (3.2). If the currents at p- 
and q— ports are considered as Iniown excitations and other 
variables, namely the voltages at p-, c-, d- and q-ports, and 
the currents at c- and d-ports, are determined, the impedance 
matrix ^ can be evaluated. In this formulation the xmknowns, 
P voltages at p-ports, Q voltages at q-ports, G voltages and 
C currents at c-ports,' and D voltages and D currents at d- 
ports, add to (P+Q+4D) variables. On the other hand, we have 

only (D+Q) equations from the definition of Z^, P+Q equations 

"P 

from the definition of ^ and 2D equations from the inter- 
connection relations in (3.2). These add up to only 
(P+2Q+3D) equations. In order that Z obtained be unique. 


it is necessary and sufficient that 


(P+2Q+3D) ^ (P+Q+4D) 


(5.7) 


which implies Q ^ D. Therefore, in the de segmentation method 
the number of q-ports (= Q) on the periphery common to p- and 
Y-segments should be atleast equal to the number of inter- 
connected ports (= G = D). Since p- and y-segments are 
regular shapes (or combinations their of), the submatrices 

of Z and Z can be computed using the corresponding Green's 
“Y 

functions (and segmentation method if needed). Therefore, 
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the submatrices in (3.5)^ that is the left hand side of 

(3. 6)^ are known. It may he noted that on the right-hand 

side of (3.6), only the submatrices corresponding Z- are 

“P 

known. Thus ^ can be computed from (3.6), provided Q ^ D, 
as discussed in the following. 

3.2.2 Eval u at ion of ^ when_ 

Comparing sub-matrix in (3.5) with Idle corresponding 

aubmatrix in (3.6), we have 


Z =Z ^-Z,Zl 
-qiY “lip “id -dq 

= Z „ - Z , [Z +Z, ,1“^ Z, . 

“llP “li ^“cc —dd-' — dq 

This equation can be solved for Z to give 

— cc -dd H 


(3.8) 


(3.9) 


where 


— 1 " ■^q ^q^^d^^qY'’'^qP^^q^ ^d ^d 


(3.9a) 


Employing (3.5), (3,6) and (3.9), other submatrices of 
can be expressed as. 


%q = ^q 

^p = “^d -cp 

%PY~ ^ 


(3.10a) 

(3.10b) 

(3.10c) 
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Equations (3.10a) - (3.10c) can be 

rearranged to give other 

sub-matrices of z 


“*U * 



(5.11a) 


(3.11b) 

%pa“ -ppY - %c -1 ^ ^p • 

(3.11c) 


From (3.9) and (3.11a) - (3.11c) Z can te expressed as 


Z = 

—a 


-- z zT^ z 

-PPY -pc ~1 ^p 






~-^d “ h 


; 3 . 12 ) 


where Z^ is given by (3.9a). 

The Z-matrix of a-segment, as partitioned in (3. 3), is thus 
given by (3.12). The procedure for computing ^ is, therefore, 
to compute Z^ , Z^^ f rom (3.9), Z^^ and Z^^ from (3.11a) and 
(3.11b), and finally Z^^^ from (3. lie). 

The expressions for ^ obtained above hold good, as 
mentioned earlier, for Q > D, The computations get simplified 
if D can be made equal to Q. In planar circuits this condi- 
tion can always be met, since the number of interconnected 
ports can always be made greater than the minimum needed for 
convergence of the results and also the number of q-ports 
(= Q) on p-segment can be increased by considering additional 
ports. 
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3.2.3 Eva lxxation of when Q = D 
When D = Q we have 

~1 ■" ~ '^qP^ ■^d (5.13) 

and Z , partitioned as in (3.3), can be expressed as 


-a 


%PY ”qp ~'^q \d 


-7 7 * 

^q ^P 


-Z,, - Z, Z', 
— dd — dq “^d , 


where 


Z' 

-qp 


fZ ~ Z 1**^ 7 

•--qqY ■-qqp-' -qP 


£4a 


[z - Z z , 

‘—qqy -qqp-' -qd 


(3.14) 


(3-14a) 

(3.14b) 


It can be seen from (3.14) that it is not necessary to follow 
any sequence, as is required in the general case, for computing 
the submatrices of Z when D = Q. This makes computational 
procedure simpler. For example, if only p-ports are given on 
the a-segment, corresponding to which the Z-parameters are to 
be evaluated, the Z-parameters of the ^-segment corresponding 
to the d-ports need not be calculated if equation (3.14) is 
employed. In such situations, the matrix ^ can be rewritten, 
from (3.14), as 

^ “ “PPa 

= %py “ %q^^qY~'^aP^ 


(3.15) 
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Thus in computing ii is required to evaluate only ^ 

and the submatrix of Z^. On the otherhand if (5-12) 

is employed evaluations of all the submatrices of Z and Z 

-y -f 

will be needed.. Moreover while using (3.12) for evaluating 
^ppa evaluate Z^^ and Z^^^j as is obvious 

from (3.1tc.). Thus the use of (3.14) is computationally more 
efficient than that of the equation (3.12). 

3,2,4 Nmber_^of ^c-port s_^d_^^-port s 

The matrix Z^, obtained in any of the two cases discussed 
above, is the Z-matrix of the a-segment to which several 
c-rports may have been added at the interface between a- and 
p-segments. Some c-ports may be the original c-ports of the 
a-segment for which the Z-par^eters are required. Other 
c-ports are the ports added for computations in the de segmen- 
tation method outlined above so that the condition Q > D or 
Q = D is satisfied. The Z-matrix ^ (with the originally 
given c-ports only) can be deduced from the Z-matrix, obtained 
from (3.12) or from (3. 1 4) ,• by deleting the rows and columns 
corresponding to the additionally incorporated c-ports. 

One of the methods of selecting the nxamber of c-ports 
and q-ports, which has been used successfully in several 
cases, is as follows. A special case with P z= 1 is considered. 
Starting with an assumed value of Q = 1 , the submatrix %pa 
is evaluated by using (3.15). As pointed out in the preceed- 
ing section, for computing ■%)pa need to evaluate 
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— dd’ ^d* computations of ^ and sire 

required which do not involve the Z-parameters corresponding 
to c™ and d-ports. The value of the nxmber Q is increased 
iteratively until the value of Zpp^, calculated from (3.15), 
converges. This gives the minimum number of q-ports, that 
is Q, needed. The number of c~ and d~ports should be atleast 
equal to this value , In the number of examples that have 
been studied, it is fo\md that this is also the sufficient 
number of c-ports required for convergence of 

3.2.5 Simplification of formul at io n 

As discussed in Section 3.2.3, the equation (3.14) leads 
to efficient computational procedure as compared to that when 
(3.12) is used. Also it has been pointed out that (3.15) 
can be used when only p-ports, on the a-segment, are specified 
(i.e. when there are no port on the portion of periphery of a 
segment which is connected to the p-segment). It is proposed 
in this section that (3.15) can be used in all the situations 
whether or not the c-ports are specified. This scheme some- 
times leads to more economical computation of ^ and and 
consequently an efficient evaluation of 

Consider the a-segment of Pig. 3.4(a) wherein some p- 
ports (P^ in number) and some c-ports XO 2 number), at 
which Z-parameters are to be evaluated, are specified. When 
(3.14) is used for evaluating incorporation of additional 
c-ports (Fig. 3.4(b)) would be required so that the condition 
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(c) W) 


FIG.3-4(o) GIVENof-SEGMENT WITH p-ANO c-PORTSi 

(b) ADDITION OF /J-SEGMENT TO «- SEGMENT 

(c) ADDITIONAL p-PORTS INCORPORATED AT THE 

LOCATIONS OF GIVEN c-PORTSj 
Id) GIVEN c-PORTS IGNORED 
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C = D - Q is satisfied. In this case the order of the matrix 
Zp would he (D+Q) x (l>+-Q) = 2Q x 2Q and that of the matrix 
would be (P^+Q) X (P^+Q). 

Now consider the configuration of Pig. 3.4(c) wherein 
additional p-ports (= = P 2 ) , which are situated at the 

same locations as those of c^-ports, have been incorporated. 
These ports are treated as the additional unconnected po3rts 
and are therefore named as p-ports. It is evident from 
Pig. 3.4(c) that the Z-parameters with these additional p- 
ports are identical to those with the specified c-ports. If 
the C 2 ~ports in Pig. 3.4(c) are now ignored, the configuration 
of Pig. 3 . 4 (d) is obtained. The Z-parameters of the a- 
segment of Pig. 3.4(a) and those of the circuit configuration 
of Pig. 3.4(d) are identical. Since there are only p-ports 
and no specified c-ports in the configuration of Pig. 3.4(d) , 
one can use equation (3.15) to evaluate the Z-parameters. The 
total number of p-ports now add up to ” ^’(say). 

As has been pointed out earlier, in Section 3.2.3, the eva^lua- 
tion of now requires ^ since (3.15) can be 

used. The matrices and are of order 

and QxQ respectively. Depending upon the computational effort 
required in evalua-ting Z^ and one may choose to use either 
the procedure outlined in Section 3.2.3 or the procedure dis- 
cussed in this section. A criterion for comparing the computa- 
tional efforts in the two cases, discussed above, is developed 
in the following section. 



83 


3 . 2.6 

As pointed out in the preceeding section, use of (3.14) 
for evaluating Z requires all the submatrices of and of 

— P 

Z^; the orders of the matrices Z^ and ^ being (D+Q) x (I^Q) 

= 2Q X 2Q and (P^+Q) x (P^+Q) respectively. When (3.15) is 
used and the procedure outlined in Section 3.2.5 is employed, 
evaluation of the matrices (of order QxQ) and (of 

order (P^+P^+Q) x (P^+P^+Q)) is needed. 

In 2'"d circuit analysis, evaluation of Z-matrix of order 
nxn requires evaluation of integrals of eigen functions (in 
Green's function expressions) at n~ports only. This step is 
most expensive as compared to the other mathematical opera- 
tions involved in evaluating the elements of the Z-matrix 
once the integrals have been evalua.ted. Therefore, the 
computational effort in evaluating a Z-matrix of order nxn from 
Green's function is, to a good approximation, proportional to 
the number of ports 'n' . Let E(p) and E(y) be the computational 
efforts in evaluating the integral functions at one port of 
p-segment and of ysegment respectively. The computational 
efforts in evaluating ^ and Z for procedures of Sections 
3.2.3 and 3.2.5, respectively, are 

= 2QE(p) + (P^+Q) E(y) (3.16) 

E 2 = QE(p) + (P^+P^+Q) E(y) (3.17) 

Eor equal efforts in the two procedures we have 
E(y) = QB(P) 


(3.18) 
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The choice of the procedure, therefore, depends upon 
E(p) and E(y) . 

3.2.7 Sir2>iii2-2ia 

It may be noted that if Z = Z both (5.9a) and 
(3.15) become indeterminate and the Z-matrix formulation of the 
desegmentation method cannot be used. However, such a 
situation is unlikely to occur in case of planar circuits. As 
pointed out later, S-matrix formulation of the desegmentation 
method can still be used. 

The formulation of the de segmentation method in terms of 
scattering-parameters is developed in the next section. 

3.3 DE SEGMENT ATI OH IN TERMS OE S-MATRICES 

3.3.1 Theoretical formulatio n 

Consider the 2-d a-segment of Pig. 3.5(a) and its exten- 
sion to Y~segment by addition of a p-segment as shown in 
Pig. 3.5(b). The various ports, in Pig. 3,5, are named as 

p,c,d and q, as explained in Section 3.2.1, s.^, a„, a,, a„ 

*"* 0 . •“(^ 

are the normalized wave variables at p-, c-, d- and q-ports 
for the incoming waves, and b^, b^, ^ and ^ represent the 
normalized wave variables for the outgoing waves at the 
corresponding ports. 




(a) 



(b) 

FtG.3‘5 DESEGMENTATION JN TERMS OF S-MATRICES 
(q) 06 -Segment to be onolyzed 

(b) Extension ofof-segment to a regular shoped 
/-segment by addition of o regular shoped 
p -segment 
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The scattering matrices of a-, p- and y^segments, namely, 
SQ.»Sp and respectively, satisfy the following relations : 




- ^ 





r* 

^p 


% 

= 

3ppa 

Spc 


% 

o 


^c 


_2op 

— cc 


,ac_ 


✓ 


and 




1- 

% 


“ua 

%q. 


— - 



-“^CL 






** MB 



— 


r ^ 


a 







-P 


^PPY 

-pq 


■"P 

S 


: 321 





“7 

.V 



^ay 





lb „ 

-q.P 


Sir, 

L-ai 


( 3 . 20 ) 


(3.21) 


The third subscript with auhmatrices in (3.19) - (3.21) is 
used to distinguish the aubmatrices of the same order in S^, 
S„ and S . As the common interface between a- and p-segments 
is considered to be connected by discrete number of ports, we 
have 


a 


c 




f 


( 3 . 22 ) 
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Using the segmentation method in terms of S-matrices [4], 


can be expressed in terms of S and S„, as 
Y —cc 

1-1 


(3.23) 


^ =§33 [r-Sii]-' , 

where j = P+Q (i,e,, the niimber of unconnected ports p and q); 

i = C+D (i.e., the total number interconnected ports 
c and d ) ; and 

£* = the interconnection matrix specified as 


\ = E aj_ (3.24) 

The subnatrices in (3.23), when expressed explicitly, in 
terms of the submatrices of S and S^, can be written as 

"TLX ““P 

follows ; 


-ppa 


0 1 


“33 

g 

J 



g - 


~pc 


^3i = 

0 



;2op 

g" 



II 

•o 

ral , 

La 



(3.25) 


(3.26) 


(3-27) 


When P and are arranged as in [58], we obtain 
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u — -11-' 


-1 


-1 


"o 

2 


r 

s 

0 - 





-cc 


IJ 

0 ; 


0 






GC — 


2 -Sdd 


^11 ^12 


M M 

-21 -22 


where 


M 


12 


M 21 


(3.28) 


= [U - S^, S l""^ 
‘■— ~dd -cc-* 

= [2 - See §34]'’ 

!in = SeiaMj, 


^22 = ^ 00^2 


and U denotes identity matrix of appropriate dimensions. 
Substitution of (3.25) ~ (3.29) in (3.23) yields 

%pa ^ %c -11 -op %c -12 


(3.29) 


.^qd -21 -cp 


^qp \d. -22 ^q 


(3.30) 


Comparing (3.21 ) and (3.30), the submatrices of ^ in terms of 

those of S and S can be, explicitly, written as 
a -p 
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SppY 

^ppa 

%c ^d^- * '^c ^ 



^d -cc^ ^ ^q 


= 

~ — cc ^d^ ~cp 



^ % Sccf2 - 


t~1 


”-cp 




(3.31) 

(3.32) 

(3.33) 

(3.34) 


As expl3,iiied in the formulation of the de segmentation 

method in terms of Z-matrices, in Section 3.2, the aim is to 

express S in terms of S and S by using (3.31 ) - (3.34). This 
u. p ”Y 

is equivalent to obtaining in terms of ^ and ^ employing 
equations (3.20) - (3.22). If for a set of given excitations 
a-p and (inputs to the ysegment), other wave variables 
kp* kq> SiQf kc k(j determined, the S-matrix 
can be characterized. Thus, as in the case of formulation 
in terms of Z-matrices, there are (P+Q+4I)) unknowns and 
(P+2Q+3D) available equations. As before, in order that S^, 
thus obtained from (3.20) - (3.22) be unique, the necessary 
and sufficient condition is still given by (3.7). Cases where 
Q ^ D and where Q = D are discussed separately. 


3.3.2 Evaluation of S„ when Q 

— , —a ~ — — — — — 

It may be noted from (3.31 ) (3.34) that, equation (3-51 ) 

contains all the four submatrices of 3 as in (3.19); (3.32) 

"TCt 

contains the submatrices S_. and (3.33) contains sub- 

matrices 3 and 3 ; and the equation (3.34) contains the 
“"Cp — cc 
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submatrix 3^^ only. Hence, to solve for from (3.31 ) - 
(3.34), equation (3,34) should be solved first, then (3.33) 
and (3.32) should be solved for 3^^ and Alternatively 

equation (3.32) may be solved fxrst for 3^^ and then can be 
obtained from (3.33). Finally, 3 is evaluated by substitution 

Jbr Jr^ 

of ^cc’ ~pc’ — cp (3.31 ). iVom (3.34) we obtain 

V s^of2 - Soq]'' V = (3.35) 

3ince Q > D, the preceeding equation can be premultiplied by 

and postmultiplied by 3^^, so that and 3 ^^} 

are nonsingular square matrices, and rearranged to give 

Sec = 242 - % SoJ '5.36) 

where 

2 , = [4 V^’’ 4^'' '5.36a) 

and the superscript t indicates the transpose. 

The matrix S can be obtained from (3.36), in the following 

•"•(j c 

form : 

Soo = [2 + S, S, . (3.37) 

Since p-segment is of regular shape the submatrices of 3^ 
are known. Having evaluated 3^^ from (3.37), we therefore can 
evaluate ^21’ -11 ~22 (3.29). Premultiplying 

(3.33) by and solving for 3^^ yields 

-cp “ -21 ^^d ^d^ ^^d %p^ * 


(3.38) 
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Equation (3«32) can "be postmultiplied by and, rearranged to 
express as, 

P'-' 

-pc ^%q ^q^ ^ 1^2 * (3-39) 

Finally can be obtained from (3.31 ) in the form 


-ppa %PY ” -pc -11 ^cp 


(3.40) 


Comparing the sutsnatrices of ^ in (3.19) with the corresponding 

submatrices in (3.37) -- (3,40), we obtain 

,t 


Sa = 


PPY 


— pc— 1 1— cp 




(3.41) 


It may be noted that even if there is only one specified p-port 

of the a-segment, it is necessary to consider sufficient number 

of c-ports for computations of 3 .In this case also, as 

ppoc 

explained in the case of formulation of the desegmentation 
method in terms of Z-matrices, the computations get simplified 
if number of q— ports (=Q) can be made equal to that of d-ports 
(=D). This formulation is discussed in the following sub- 


section. 


5*3.3 Evalua ti on of ^ wh e n 0= 0 

In this case the matrix in equation (3,36a) reduces to 

$2 given by 

Sg = a^l t%Y - • 


(5.42) 



Tlie preceeding equation can be used in (5.56) to write 

S^c = [U + S 2 ^2 • (3.45) 

Knowing and can be evaluated from (5.29). Using 

( 5 . 51 ) ” ( 5 . 54 ), the S-matrix of a— segment, i.e,, S^, can be 
expressed as 




%c 


M 

“11 




MTi 

-pq -dq ~12 




(3.44) 


The sequence of computations of the submatrices of from 
( 5 . 44 ) is the same as that while using (5.41 ), 

3 . 5.4 Incorporation of ad d itional j o o rts a nd_nnmber s of q. -ports 


The S obtained in both the cases discussed above is 

'~U 

the S-matrix of the a-segment to which several c-ports have 
been added at the interface between a-. and p-segments. As 
discussed in section 3.2.4 some of these c-ports may be the 
original c-ports of the a-segment at which S-parameters are 
required. Others are the c-ports incorporated additionally 
so as to satisfy the relation Q ^ D and also for the convergence 
of the results, Por evaluating ^ (with the originally given 
c-ports only) these additionally incorporated c-ports are 
considered to be open circuited and the S-matrix as obtained 
from (3.41) or (3.44) is reduced to the required by putting 
®'i " ^i additionally incorporated ports. 
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The selection of number of q.-ports (that is = D) is 
made by following the procedure as outlined in section 3.2.4 • 
j^or this purpose only one p— port is considered first. It may 
be noted that, in this formulation all the "submatrices of ^ 
needed for computation of Spp^. Moreover, for 
evaluating . ^pp^ , other submatrices of ^ are also required. 
This feature makes the formulation in terms of S-matrices less 
efficient than that in terms of Z-matrices. 


3.3.5 Circuits with = S 

qqp qqy 

As pointed out in Section 3.2.7, the formulation of the 

de segmentation method in terms of Z-matrices cannot be used if 

“lip = i2,qqY* However, the formulation in terms of S-ma trices 

can be used even in such situations. When S „ = S . the 

“iqp -19 Y 

matrices S^ in (3.36a) and S^ in (3.42) become null matrices. 

This makes S , in (3.37) and in (3.43), a null matrix. The 
“**C o 

ma,trices in (3.29), therefore, reduce to = Hf ^ 2 ^ = 

^^1 1 = ^ 2 '^ ~ — * ^^®se values of are substituted, in 

(3.41) or (3.44) to obtain 


3.4 ILLUSTRATIVE EXMPLES 


Eor illustrating the validity and applications of the 
de segmentation method, a few examples of lumped circuits, of 
transmission-line circuits, and of planar circuits are presented 


in this section 
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3.4.1 circuit s 

A. l22£Si2-.l 

Consider the a-circuit of Fig. 3.6(a) and its extension 
hy addition of p-circuit as shown in Fig. 3.6(b). The Z-matrix 
formulation of the de segmentation method is used in this case. 
The impedance matrices of p-circuit and y-circuit (combination 
of a- and p-circuits) are 


Z„ = 


2^ 


1 

^q 


2 

1 

J L 

J'" 

1 


L’ 

2 

z 

“PPY 

z 

~pq 


"ll/5 

2/5 

1 

z , 

~qqY_ 


2/5 

9/5 


ohm 


(3.45) 


ohm 


(3.46) 


For this example, P = 1 , C = D = t and Q = 1 , Also in this 
case D = Q, therefore, equation (3.14) can be employed to 
evaluate The various subnatrices in (3.14) are. 


~qp “ '-5 5 


= [f - 2]'' ’ 


7 _ 11 _ 2 . /_ 2 ) 
-ppa" 5 5 ^ ^ 


%c = ” t (-5) 

lcp=--' (-2) 


= -2 

= -5 

= 3 

= 2 
= 2 


Zee =' 2 - 1 (-5) = 3 



K-- |3-circuit ---H 

y-clrcuit -H 

(c) 

FIG.3‘6 (a) THEo(f-ClRCUIT TO BE ANALYZED 

lb) EXTENSION OF a-ClRCUIT TO r-CIRCUIT BY 
ADDITION OF fl-CIRCUIT (P=:1,C*D»1,0=1) 

(c) ADDITION OF ANOTHER ^-CIRCUIT TOa-CIRCUIT 
{Ps1,C=D»l,Q»2) 
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Hence Z can be expressed as 


~ z 

-ppa 

-pc 


3 

.4 

2 

o 

t 

See 


2 

3 


which can be easily verified by direct calculations of Z for 

~a 

the a-circuit of Fig» 3. 6 (a). 

As mentioned earlier the formulation (3.12) is valid for 

Q and can be used in the present case also. Using (3.9a) 

and (3.9) we have 

Z, = 1 [l [f - 2] !]■' 1 

= -5, 

£oo = -2 - (-5) = 3- 

Using (3.11a) - (3.11c), (3.45) - (3.46) and the values of Z^ 
and as obtained above, we obtain 


Zpc = •' I . 1 . 1 . (-5) = 2 

-cp = " . 1 . 1 . (|) = 2 

%pa = - 2 2 = 3 . 

Hence ^ can be expressed as, 

ohm , ' (3.48) 
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which is same as that given by (3.47). 

The case when Q > B is illustrated by the example that 
follows. 

B . Example ^2 


The circuit in example 1 may be modified to illustrate 
the validity of the case when Q > D and (3.12) (thht is the 
set of equations (3.9) and (3.11a) - (3.11c)) is employed for 
computing Z from the known Z„ and Z . 

— Y 

The a-circuit is the same as shown in the Pig. 3.6(a). The 
p -circuit selected has D = 1 and Q = 2, and the combination of 
a- and p-circuits is the y^circuit with P = 1 , and Q = 2 as 
illustrated in Pig. 3.6(c). The Z-matrices for p- and y- 
circuits, with appropriate partitioning into submatrices, can 
be written as, 


■^P 

and 


^d 

^q 

^d 



%py 


~qP 

z 


2 - 1 

T-i-a 

1 ! 1 

I 


1 

1 

1 


ohm 


11 / 5 ; 2/5 
2-/519/5 

I 

2 / 5 ! 4/5 


2/5 

4/5 

4/5 


ohm 


(3.49) 


( 3 . 50 ) 


Using ( 3 . 9 ) we have, 
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= [1 1 ] 

’r 

r ’ 

i 

5 

- 

5 


'r 


-1 

i 

1 

[1 1 ] 

, i 

L 5 

1 

” 5. 


J- 


[1 1 ] 

1 


= -5 (3-5la) 

and " h =-2+5=3. (3.5113) 

Substitution of and Z^^, from (3.51a.) and (3.51b), in 
(3.11a) - (3.11c) yields 


%o = 2>- 


Sep = 2.- Sppa = 3. 


Prom (3.51b) and (3.52) we obtain 




3 

2 


2 

3 


ohm 


which is identical to Z^ given by (3.47). 


(3.52) 


(3.53) 


c , Exam pl e _3 

This example illustrates the fact that (3.15) can be used 
for evaluating ^ by incorporation of an additional port at the 
location of the c-port as discussed in Section 3.2.5. 

Consider again the a-circuit shown in Pig. 3.6(a)* When 
additional port is incorporated at the location of the c-port, 
the a-circuit modifies itself to that shown in Pig. 3.7(a). 

A p-circuit, with D = Q = 1, is added to the a-circuit to 
obtain a y-Gi^r’^uit as illustrated in Pig. 3.7(b). We now have, 

P = 2, G = D = Q = 1. Since we are now interested in evaluating 
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FI6.3-7 (a) INCORPORATION OF AN ADDITIONAL p-PORT 
(numbered 2) TO THErt-CIRCUIT OF FIG.3-6(a) 

(b) ADDITION OF jj- CIRCUIT TO THE«-CIRCUIT 
OF FIGURE(a)(P*2,C=D«Q»1) 
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“PPct circuit of Pig, 3.7(a), which is identical to 

^ of the circuit shown in Pig. 3.6(a), we need to evaluate 
hq.? ^qy* ^^®se matrices for the p- and Y~circuits of 
Pig. 3.7(b) can be expressed as, 



which is .identical to the given by (3.48) and (3.53). 
This solution proves the validity of the procedure outlined 
in Section 3.2.5. 


Next, we compare the computational efficiency of the two 
procedures, discussed in Section 3.2.3 and 3.2.5, in evaluating 
of the a-circuit configuration of Pig. 3.6(a) and in evalua-^ 
ting ^ a~circxiit of Pig. 3.6(a)) of the modified 
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a-circuit as shown in Fig. 3.7(a). The orders of the matrices 
to he evaluated in the two procedures are given in Table 3-1. 

Table 3.1 Orders of the matrices Z and Z for implementing 
desegmentation method ""P 



a-circuit of 

Modified a-circuit 


Fiff. 3.6(a) 

of Fig. 3.7(a) 

Procedure 

employed 

Section 3.2.3 

Section 3.2.5 

Order of 
the matrix ; 



% 

2x2 

1x1 


2x2 

3x3 




Thus for the example choosen the procedure discussed in 
Section 3.2.3 is more efficient than that discussed in ■ 

Section 3.2.5. 

3.4.2 Ex^ples ^of t r ansmis 3 ion_^_li ne ci rcuits 
A. ExamPl© 1 

Consider the transmission line circuit a, shown in 
Fig. 3.8(a), with P = 1, and C = 1, When a p~circuit, with 
D = 1 and Q = 1, is added to the a-circuit, we have a Y”^i 2 rcuit 
with P = 1 and Q = 1 as illustrated in Fig. 3.8(b). For the 
sake of simplicity in the illustration, both the transmission 
lines are considered to have equal characteristic impedance Z^. 
In the present case, the Z-matrix formulation is used and only 
the case Q = D is being illustrated. 


# 



(a) 


i 


p-porl Zo c-Port »d-por< 


q-port 


^ .p> circuit -H 

/'-circuit - — 

(b) 



FIG.3-8 (a) TRANSMISSION LINE CIRCUIT (oO TO BE ANALYZED 
(P«l*Cs1) 

(b) ADDITION OF /J-CIRCUIT TO CIRCUIT (Psl,C=^D=Qr1 

(c) ADDITION OF ^-CIRCUIT TO ot CIRCUIT (Ps1,C=D-1,Q=2 
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The Z-matrices of p- and y-circuits configurations of 
Fig. 3.8(b) are given by 



Z 

“Y 


Z^ coth(Y^i^2> 

’Lj sinhCy^jf^) 

Zq coth(Y^I^) 

zysinh(Y^ j^) 


Zq coth(Y^J?2) 


ohm 


zysiuliCYj^^) 

z^ ootll{Y,ij) 


ohm 


(3.57) 


(5.58) 


where Z^ is the characteristic impedance of the lines and y 

^ 1 

is the propagation constant. . 


Employing (3.14), (3.57) and (3.58) we have 


~11Y "" i^) "" cothCy^J^^)) 

sinh(Y^(| .. f^)) 

” o ^inh(Yjf^)sinh(Y^2) 

sinh(Yj^^) 

“ '^o sinh ( Y^^ ) knh ( y^^^ ) (3.59) 

-qd ^\qY " -qqp^ ^d 

- _ ^^^(^ 1 ^ 3 ) ^^^(Yil^ p) 3inh(Y^j^^) 

" Z^ sinhTY^f^) ainh(YiJ'2^ " ’ HSh(^^)'' 


(3,60) 
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"* ^(iP 

slDhiy^l^) sinii(Y^j?2^ ^o sinhCy^^) 

Zq sinh(Y^if^ ) * sISHTy^JJ^ ” sinh(Y^J?|) (3.6l) 

Use of (3.57) - (3.6 l) in (3.14) yields 
%pa ~PPY “Pq -qp 

^ ^1 - coth(Y^/3) coth(Y^>^2^-, 
cotii( Y^^^) - coth(Y^ 2 ) 

= coth(Y^(i3-4^^ = ^0 


Z = -Z Z’ 

~pc -pq -qd 

Zq -sinli(Y^3) 

sISETyJJ^ ’ sinii(Y^4^ ~ sIeSTyJ^^^ 

-cp = '■■^q ^p 

Zq ^ -sinh(Y^/2 > 
sin]i(Y^2^ * sinh(Y^£^ ) " sinh^^^ ^ 

and 

Z = -Z,, - Z- Z' 

-cc — dd ”dq -qd 

*1/^1 

= - [Zo =oth{Y,4) + eith(V:;?P' 

1 - cotli(Y^^3) cotii(Y^/2^ 
coth(Y^^3) - coth(Y^4) 

= Zq coth.(Y^(i3-4^^ = ^^O'fe^CYiil) 


(3.63) 


(3.64) 


(3-65) 
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From (5.62) -- (3^65) we have 

Zq coth(Y^(?P Z^/sinhCy^/^) 

^ = ohm (3.66) 

|_Z^/sinh(Y^|^) Z^ 

It can he easily verified that (3.66) represents the Znaatrix 
for the circuit of Fig. 3.8(a). 

In the next two examples, the S-matrix formulation of the 
de segmentation method is illustrated. 

B , Example 2 


Consider again the a-, p- and Y-'ti*ansmission line cir- 
cuits shown in Figs. 3.8(a) and 3.8(h). As in the example 1, 
discussed in the preceeding paragraphs, we have P = C = D = Q = 1, 



Since for this example D = Q, using (3.44) with (3.29), (3.42), 
(3.67), and (3.68), we obtain 
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S2 - 0 -• 3^0 = 0 -• 

M,2 = [n - See]'' = 1 .• 

^21 = See = 1 ! 

®11 “ -21 -■ ‘^ ’ 

M 22 “See S,2 = 0 , 

and the S-matrix for the a-Circait 


S 


-a 


0 




.~h^\ 


which is known to he the correct result, 


(3.69) 


B . Example_3 

To illustrate the validity of the equation (3.41 ), when 
Q ^B, we again consider the a-circ\d.t (with P = C = 1 ) of 
Pig. 3.8(a). When a p- circuit with two q-ports and one d-port 
(i,e. Q = 2, D = 1 ) is added to the a-circuit, the resultant 
combination is the y-circuit with P = 1 and Q = 2. This is 
illustrated in Pig. 3.8(c). 

In this case the S-matrix for the p- and y-circuits can 


he expressed as 
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% 


<1 




i 

3 


S 




. 3__® 


a ! 1 - 2 y ^/2 

=• e ^ ?r e * 


f 3 


1 

3 ® 

2 “Y^(?2'''/3^ 




- 3® 


and 




-PPY 


Sqp 


2pq 


s 

-qqy 


n . 

e 


3 


3 


^ (f 


2 2 


-2rj£2 2 -YfUj+Z,) 


-L p 
3 ® 


2 

3 ® 


2 i 

- 5 e 


Prom the preceeding two equations we have 


^^qqy ~ ^qqp^ " 


0 0 

0 0 




± 

9 


-2Y,^2 -SY,/ 

i ' r /-V » . 


4- e 


-»1 
-n * 


(3.70) 


(3.71) 


(3.72a) 


(3.72h) 
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V-* 19 L® + ® J ^ 


(3.72c) 


Using (3-.29), (3.36) - (3.40) and, (3.70) - (3.72c), we obtain 


Si = 0 


~ 12 " ’ ^21 ~ ’ ^ 11 ””^’ ^22 " ^ 
r n ’hiM 


= 


-yil 


(3.73) 


which, is identical to the given by (3.69). 

It may be recalled that Z~matrix f emulation of the 

de segmentation method cannot be used when Z = Z In 

IIY qiP 

3-matrix formulation such a condition does not arise even if 
" ^qqP^ ^ singular matrix (such as in 3.72(a)). 

3.4.3 ^lanar^ circuit ^_examples 
A. Example 1 

Consider the trapezoidal planar circuit configuration 
shown in Eig. 3.3(a). It is desired to evaluate the input 
impedance for this one port circuit at port p^. This impe- 
dance has been evaluated using, both, the de segmentation method 
proposed in this chapter and the segmentation method known 
earlier [23]. 

Eor employing the de segmentation method, an equilateral 
triangle p is added to the trapezoidal (a-segment) so that the 
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combination of a and p is also an equilateral triangle y s-s 
shown in Pig. 3.3(b). The Z-matrices for and y-segments are 
computed using G-reen's function [2J.]. The number of the q-ports 
is decided by following the procedure outlined in the section 
3.2.4 and is found to be 4. The width of the q-ports is chosen 
small enough so that the field variation, over a port width, 
can be assumed to be negligible. As there is no specified port, 
of the initial a-circuit, corresponding to the c— ports, 
equation (3.15) yields the value of the input impedance needed. 
Pig, 3.9 shows the variation of this input impedance with 
frequency for the case when A = 3.1711 cm., a = 0.25 A, 

= 2.55 and the thickness of the dielectric substrate 
d = 1.6 mm. 

Por the analysis using the segmentation method, the 
trapezoidal circuit is divided in three segments, i.e., two 
30° - 60° right triangles and one rectangle as illustrated in 
Pig. 3.9 (inset). The Z-matrices for these segments are 
computed using G-reen's functions [21], [l]. Z ~ is then 
computed using the segmentation method for Z-matrices [23]. 

It is found that the number of interconnecting ports (between 
the rectangle and two 30° - 60° triangles) required for 
convergence of Z^p^^ is 16. The results obtained by this method 
are also plotted in Pig. 3.9 and agree very well with those 
obtained by the de segmentation method. 
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F1G.3‘9 VARIATION OF INPUT REACTANCE AT PORT 
P, OF THE TRAPEZOIDAL 2-d CIRCUIT WITH 
FREQUENCY AS EVALUATED BY SEGMENTA- 
TION AND DESEGMENTATION METHODS 


Ill 


B . Example 2 

Another example considered is a rectangular ring type 
planar circuit shown in Pig, 3.3(c). In this case also it is 
required to find out the input impedance at the port p^ of 
the a-circuit. In this case p-s^ment is a rectangular ele- 
ment of length ’a’ and width 'b' which when added to a— segment 
of Pig. 3»3(c) results in a complete rectangular planar circuit 
Y as shown in Pig, 3.3(d). The characteristics of the small 
rectangle p and the outer (filled) rectangle y» dimensions 
A X B, are computed using impedance Green's function for 
rectangular segments [l]. In this case the total periphery 
of the p-segment is common with the inner periphery of the a- 
segment. The ports c and d are located along this inter- 
connection. Thus there is no part of the periphery, of the 
p -segment, available for locating the q-ports. Since Q (the 
number of q-ports) can not be made zero, these ports are 
located inside the p-segment (i.e,, inside the small rectangle) 
These are the fictitious ports, with port voltages measured 
between the port locations and the ground plane. As in the 
case of the ports on periphery, in this case also the voltages 
are averaged over each port width. The port current is con- 
sidered to flow in the direction normal to the plane of the 
paper. The formulation presented in the preceeding sections 
of this chapter holds good for such a case also. The minimum 
mmnber of q-ports is decided by following the same procedure 



as used for Example 1 and is found to “be 9, These q->port« 
are indicated by vertical bars in Eig. 3.3(d). The width of 
these ports have also been selected iteratively for fast 
convergence of numerical computations. The values of the 
input impedance obtained are plotted in Eig. 3.10, as a fun- 
ction of frequency, for the case when A = 5 cm, B = 1 cm., 
a = 1 cm,, b = 8 mm, = 2.54 and thickness of substrate 
is 1 .6 mm. 

This circuit is analyzed using the segmentation method 
also. The a- circuit is divided into foiir segments as shown 
in the Eig, 3.10 (inset), Eor this example, the number of 
interconnected ports required between the various segments 
is fo\md to be 4. The results agree very well with those 
obtained from the desegmentation method as shown in Eig. 3.10. 

3.5 COMPUTATIONAL EEEORT IN DESEGMENTATION AND SEGMENTATION 

In this section we compare the computational efforts needed' 
in segmentation and desegmentation methods for analyzing 2-d 
circuits. Two typical examples are presented for this comparison 

A. Example 1 

Consider a planar square segment with one square patch 
removed from one of its corners as shown in Eig. 3.11(a). 

There are P number of p-ports specified on the a-segment. It 
is required to evaluate 



REACTANCE (ohm) 



FIG.3-10 VARIATION OF INPUT REACTANCE (At port P, of the 
rectangular ring 2-d circuit) WITH FREQUENCY AS 
EVALUATED BY SEGMENTATION AND DESEGMENTAT-- 
lON METHOD 




p-ports 


®f-5egmeni 




jMmaaai 


SEGMENTATION 


-*| xA 




—— 


(fiisn) 


OESEGMENTATION 

L 


CsDsQ 



FIG. 3‘1t (q) given SEGMENT) Zpp^TO BE EVALUATED 

(b) SEGMENTATION APPLIED TO SEGMENT 

(c) OESEGMENTATION APPLIED TO of- SEGMENT 
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let Q "be the numler of q— ports needed for convergence of 

-PPct using de segmentation method. Since p- and y- 

segments are both rectangular shapes (Pig. 3.11(c)), the 
computational effort in evaluating the integral function 
in the G-reen's function of equals that in evaluating the 
integral finiction of Hence, E(p) = E(y) = l(say). Is 

only p-ports are specified on a-segment, (3.15) can he used. 
Employing (3.17) with ^ ^ and P 2 = 0, the computational 

effort in evaluating Z- and Z is, 

~P "Y 

®deseg = ^ (^’^Q) = P+2Q units (3.74) 

It. may he recalled here that (3.15) is a part of (3.14), which 
is valid forC = I)=Q, Thus for removal of a square patch 
of dimensions 'xA hy xA' from a larger square of dimensions 
’A hy A', the interface between a- and p~segments is 
considered to have Q(=£ldD) interconnections. The length of 
the interface is '2xA’ units. Thus for ’2xA' Tinits long in- 
terface one needs Q number of q-ports. 

In evaluating Z^^^ hy segmentation method, the a- 
segment is divided into two rectangular segments of dimensions 
‘A hy (l-x)A* and 'xA hy (l-x)A' as illustrated in Pig. 3. 11(h). 
The interface, of length (l-x)Aunits, between -fee two segments 
is considered to he connected hy m(=n) interconnections. The 
two Z-matrices to he evaluated are of order 'P+m by P+m* and 
'm hy m*. The computational effort in evaluating these 
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matrices, with E(p) = E(y) = i unit, is 

®seg = ® + (P+m) = P+2m units (3.75) 

J?or given number of p-ports (=P), the computational 
effort in ( 3 . 74 ) and in ( 3 . 75 ) depends upon Q and m(=n) 
respectively. At a given frequency, the number of inter- 
connected ports in Eigs. 3.11(b) and 3.11(c), can be assxmed 
to be directly proportional to the length of the interface. 
Therefore, when the lengths of the interfaces in the two 
cases are equal we have m=n=Q and (3.74) and (3.75) are 
identical. Therefore, the condition for equal computational 
efforts in segmentation and de segmentation is 

(l-x)A = 2xA (3.76) 

which yields x = l/3. In such a situation, the orders of 
the matrices to be inverted in implementation of segmenta- 
tion and of de segmentation are also equal. 

Thus for the a-segment of Eig. 3.11(a), the desegmenta- 
tion is computationally more efficient than the segmentation 
method if x < l/3,. Eor x > l/3, the reverse is true. These 
arguments can be extended to circuits of other configurations. 
Another example of Eig. 3. 12 (a) is considered for illustra- 
ting this. 

B . Example 2 

Consider the a-segment shown in Eig. 3.12(a). It is 
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p ports 
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oi-Sfgment 
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J-k—XA 


(e) 


SEGMENTATION 



-ud-ic ) 

2 2 ^ 
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DESEGMENTATION 


h»>xA ^ 



xA ! 
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T-Stgmtnt 
(c> 


p-segment 


FIG.3-12 (a) «-SEGMENT TO BE ANALYZED j 

(b) SEGMENTATION APPLEO TO o(- SEGMENT 

(c) DE SEGMENTATION APPLIED TO oc-SEGMENT 
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desired to evaluate the Z-matrix with p-port ( = P in 

"•ppcc AX V 

number). The application of segmentation and de segmentation 
methods to the a-segment is illustrated in Pig. 3.12(b) and in 
Pig. 3.12(c), respectively. As discussed in the preceeding 
paragraphs, the computational effort in the implementation of 
the two methods would be equal if the lengths of the interfaces 
are equal. The length of the interface in case of desegmentation 
(Pig. 3.12(c)) is '4xA'. In case of segmentation of the cc- 
segment, the total length of the interface is '2(t-x)A'. Since 
the two smaller and the two larger rectangles in Pig. 3.12(b) 
are identical, the effective interface- corresponding to which 
the Z~parameters of the rectangles should be evaluated, using 
Green's function, reduces to (l-x)A. This is so because the 
Z-matrices for only two rectangles, one smaller and one larger, 
need evaluation. Thus for equal computational effort in the 
two methods we have 

( 1-x) A = 4xA 
which gives x =0,2. 

Therefore, for the a~segment of Pig, 3.12(a), the 
de segmentation method is computationally more efficient than 
the segmentation method if x < 0.2, At x = 0.2, the two methods 
need equal computational efforts. 

Por circuit configurations such as shown in Pig, 3-13, the 
geometries of p- and y-segments are not similar (i-e. both are 




FIG. 3-13 TWO DIMENSIONAL CIRCUIT CONFIGURATIONS 

WHERE DE SEGMENTATION CAN BE MORE 

EFFICIENT THAN THE SEGMENTATION OR 

VICE VERSA DEPENDING UPON THE SIZE OF 

THE PATCH REMOVED FROM THE REGULAR 
SHAPES 
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not rectangular or same type of triangles). Therefore, the 
computational efforts E(p) and E(y), needed in evaluating the 
integral functions in the &reen*s functions for §— and y— 
segments, respectively, should he first deteimined. The 
computational efforts in the two methods can then he evaluated 
to determine the efficiency of one method over that of the 
other on the basis of proceeding discussion, 

3.6 IPPLIGATIOF TO DE^EMBEDDIFG 

3.6.1 5®::®2^edding 

For measurement at microwave, or higher, frequencies it 
becomes necessary to take into account the effect of the inter- 
vening networks (connectors etc.) between the measurement s5''stem 
and the device under measurement. This process of separating 
the effect of the intervening structures from the measured 
parameters has been termed as de-embedding [53]. A procedure 
for de-embedding in terms of Z-parameters, for single port 
devices such as one shown in Eig. 3.14(a), has been reported 
earlier [53]. De-embedding for such a one-port circuit can be 
carried out using either the Z-parameters or the S-parameters 
since in such a case (Eig. 3.14(a)) the impedance parameters 
can be expressed in terms of the S-parameters or vice versa 
in a relatively simple way . 

Formulas for the direct calculation of the scattering 
parameters of a linear two— port network, when measurements are 
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c-ports: 

d-poHs : /,2^3^ ► p50,CsD = Q=3 
q-porls : 


FIG.3-14(alSINGLE PORT NETWORK EMBEDDED IN A TWO 
PORT NETWORK (b) THREE PORT NETWORK 

EMBEDDED IN A NETWORK 
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made on an imperfecb netwonk analyzer, have also been 
reported [54] • Also the Throiagh— Short— Delay (TSD) procedure [55] 
which provides a noniterative calibration procedure for two— port 
measurement has been extended for n— port scattering parameter 
measxirements [56]. In the modified method [56], the system 
errors are separated by a 2n-port error model. The transfer- 
parameters (T-parameters) of the error model are expressed in terms 
of the S-parameters of three n-port standards ^diich 
sequentially replace the n-port device under test. 1 detailed 
procedure of measurement is given in [56], 

It may be pointed out here that for analyzing planar 
microwave circuits, the Z-matrix formulation is commonly used 
since the impedance Green's functions directly give the impedance 
matrices. On the other hand, in the case of measurements and 
de-embedding one deals with the scattering parameters. In 
this section, it is shown that the formula^tion of the desegmen- 
tation method in terms of S-matrices can be used as a solution 
of the generalized de-embedding problems. 

For using the formulation of the de segmentation method 
for de-embedding, the total system (i.e. the embedded system) 
is treated as the y-segment. The embedding network (connectors 
etc.) becomes the p-segment (characterized by previous calibra- 
tions), and the device or the network under test is the 
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a-segment whose characteristics are to he found. This is 
illustrated hy an example shown in Pig. 3.14(h) where a three- 
port a-network is embedded in three connectors ^3* 

These three connectors form the entire p-network. In this 
case we have P z= 0 and C=D = Q = 3. In general, all the ports 
of the a— network are embedded in p— network which makes P =0. 
Prom (3.43) the S— parameters of the a-network pertaining to 
c-ports are given by 


~cc - 1^2 + % ^ S 2 

where S 2 , given by (3.42), is 


S-2 = 




(3.78) 


(3.79) 


Por a single-port device (a-network) when only one 
connector (with two-ports) is involved, the suhmatrices in 

(3.78) and (3.79) are just single elements. The ^(= S._) in 

(3.78) , in this case, is then given by 




cc 


S 


,.,^qqY " fqgP 
sITT^Ts 


dq >d ■ ‘^dd^^qqy “ 


(5.80) 


It may be pointed out here, that to evaluate from (3.78) we 


require and all the submatrices of 


The scattering 


matrix ^ is obtained by measurements on the embedded network 
and S is known from previous calibrations of connectors,, etc. 
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3.6.5 I ll'^s' fe rat iv e^example 

For ill'u.s'tra.'tiiig "tiie de— enilDeddiiig pro cedur© , discussGd 
in ■fche preceeding section, we consider an ezample of a three- 
port circulator, with identical connectors at three— ports, as 
shown in Fig. 5.14(h). The measured S— parameters (i.e. S with 
p = 0 and ports numbered as in Fig. 5.14(b)) are 


544 = = Sgg = 0.0148 + 0O.O495 

545 = ^56 = ^64 = -0.1339 + d0.0624 

O46 = = -0.8975 + 00.1854 


(3.81) 


The S-matrices for the connectors, known from previous 
tions, are 


I” 


%t~%2“^p5 


0.0568-00 . 0574 


-0. 0966-00. 9543 


-0,0966 - 00.9543' 


0.0245 + 00.0364 


calibra- 


(3.82) 


The scattering matrices of the three connectors can be grouped 
together to obtain the block diagonal scattering matrix ^ 

(of order 6 by 6) as in (5.20). 

Employing (5.78), (3.79), (3.81) and (3.82), the 
scattering-matrix for the a-network (the three-port circulator) 
after de-embedding is found to have various components as 
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listed below, 

= (-0.523 -00.232)10”^ 
S^2 = “ 30.186x10"®) 

= (O.995+jO.625xl0’5) 
$2^ = (0.995+30.160x10”®) 
S22 = (-0,465+30. 116)10"^ 
®23 “ (0.1+30.184x10”®) 

= (0.1+30.139x10”®) 

3^2 = (O.995+3O. 160x10”®) 
S53 = (-0.465+30.232) 10”5 


0.0 


:o.i 


0.995 

0.995 


;^o.o 


^ 0.1 


0.1 

SS^O.995 


»s0.0 , 


Correctness of these values have been verified by- 
recalculating ^ by the segmentation method for S-matrices. 

3.7 DISCUSSIONS 


A method called 'de segmentation’ for analysis of 2-d 
circuits has been proposed. Formulations of the method in 
terms of Z-matrices and in terms of S-matrices have been 
developed. The validity of the method is illustrated by 
several examples of lumped circuits and -feransmission line 
circuits. Two planar circuit examples, choosen such that the 
segmentation method is also applicable, have been included. 

The results obtained by using de segmentation method are 
compared with those obtained by implementation of se^gntentation 
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method and are fotmd to agree precisely. An alternatlTre 
scheme for implementing the de segmentation method is discussed 
in Section 3 •2. 5 which sometimes results in saving in 
computational effort and storage requirements because of 
reduced order of the matrices involved. Two typical examples 
have been included to compare the computational efficiencies 
of segmentation and de segmentation methods. In general, the 
de segmentation is more efficient than the segmentation method 
when the size of the p-segment (needed to convert the a-segment 
into a regular shape y) is anall as compared to the a- and 
Y-segments. 

There are several situations where de segmentation method 
can be applied but segmentation method is not applicable. Some 
such configurations are shown in Fig. 3.15(a). One may think 
of using segmentation method in these cases also by approximating 
the curved boundary by piece wise linear approximations and 
dividing the pattern in number of triangles and rectangles as 
illustrated in Fig. 3.15(b). However, this method becomes 
difficult since Green’s functions are known for only three types 
of triangles and it may not be possible to fit even the piece 
wise linear boundary within these three types of triangles. Also, 
computational effort increases enormously as number of segments 
is likely to become very large. 



FtG.3-15la) CIRCUIT CONFIGURATIONS WHERE 

OE SEGMENTATION CAN BE USED BUT 
SEGMENTATION IS NOT POSSIBLE (b) 
APPROXIMATE SEGMENTATION OF ONE 
OF THE CIRCUITS OF TYPE (a) 


m 
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The formulation of the method in terms of S-matrices is 
used to evolve a generalized method for de-embeddlag of multi- 
port networks. This is Illustrated by a typical example of a 
three port circulator. 

The de segmentation method extends the applicability of 
the &reen's function approach of 2.d circuit analysis. Also, 
the method finds applications in the analysis and design of 
planar micro strip antennas and has been used for analysis and 
design of corners chopped square patch antennas and a square 

patch antenna with a diagonal slot reported in Chapters Pive and 
Six, respectively. 



CHAPTER POUR 


DIACOHIL FED NEARLY SQUARE PATCH 
ANTENNA 

As mentioned in Section 1,2,5» a rectangular patch 
antenna with nearly eq^ual sides yields circular polarization 
(CP) when input is at one of the corners [31], [42], It 
has been pointed out [42] that the length to width ratio of 
the rectangle should be equal to 1,029 for obtaining CP. 

The corresponding experimental value of axial ratio has 
been reported to be nearly 1.4 dB. In this study [42] the 
modal expansion method has been used for analyzing the 
antenna. 

This chapter gives the details of the investigations carri 
ed out on this type of antennas using the Green’s function 
approach with magnetic wall boundary as discussed in 
Chapter Two, 

Antenna configuration has been optimized for improving 
axial ratio and input YSWR and the results are confirmed 
experimentally. The feed location is optimized for the best 
input VSWR without using any external impedance matching 
network,' 

4.1 OPTIMIZATION AND ANALYSIS 

Optimization of length to width ratio 

The antenna shown in Pig. 4,1 (a) is considered as a 
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cavity model with multiple ports along the magnetic wall 
boundary as shown in Fig. 4.1(h). The entire boundary is 
divided into several sections and each section is considered 
as a port. The widths of these ports are considered small 
enough so that the variations of field over each of these 
port widths are negligibly small. The voltage at each port 
is the average value of the voltage over the portwidth. 

The port number 1 (or 15) can be considered to be located 
at the corner A and therefore can be considered as the input 
port. Alternatively an additional port can be located at 
(x/a, y/b) = (0.0, 0.0) and considered to be the input port. 
Wien the width of the p6rt 1 (or 15) is small enough the 
results of analysis are in exact agreement with those 
obtained when an additional port at the comer represents 
the input port. 

The impedance Green's function for rectangle [t] is 
used to evaluate the Z-matrix of the multiport cavity model 
shown in Fig. 4.1(b). To take into account the loading 
effect of the radiated power, all the ports along the 
periphery are considered to be terminated in radiation 
resistances [50] as discussed earlier in Section 2.1.1. The 
Z— matrix of the multiport cavity with radiation resistances 
taken into account is evaluated using the segmentation 
method discussed in Section 2.2,2. For a mait current input 
at the ith port , the ith column of the Z-matrix yields the 
voltages at various ports along the periphery of the antenna. 
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The electric vector potential is evaluated using (2.4) 
and the far-field is calculated from (2.5). The axial ratio 
is calculated from the polarization ellipse of the E- 
component of the far-field. 

The axial ratio is calculated as a function of frequency, 
for various values of the ratio of length to width of the 
rectangle. The results obtained for a S— band antenna, on a 
1/8” thick polystyrene substrate with e = 2.52, are shown 
in Fig.# 4^2# In this cas© the periphery was divided into 
28 ports. Eor optimizing axial ratio, the length of one of 
the sides 'a' is kept constant whereas that of the other 
side is varied. It has been fovind that (for = 2.52, 
and substrate thickness = 1/8") for a = 2,66 cm, .the best 
circular polarization (CP) is observed at a frequency 
3.101 GHz for b/a = 1 ,05263. The corresponding axial ratio 
is found to be 0,45 dB. If CP at any other frequency is 
desired, the length of the side ’a’ can be varied and Ihe 
b/a ratio can be optimized. The curves in Pig. 4,3 show 
the variation of axial ratio as a function of physical and 
effective length to width ratios for tiie rectangle. It is 
observed that the axial ratio is quite sensitive to varia- 
tions in b/a ratio and for achieving the best axial ratio 
one needs to fix the b/a ratio very accurately. 




Ft6.4-2 VARIATION OF AXIAL RATIO WITH FREQUENCY FOR DIFFERENT 
VALUES OF THE RATIO (b/a) 
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4.1*2 I2iiage_and___magnetic^3irrent ^distribution 

The voltage distribution along the periphery of the 
antenna^ for the best axial ratio (0.45 dB) and input port 
located right at the corner ’A* of the antenna, is shown in 
Pig. 4. 4. The existence of circular polarization is indi- 
cated by the presence of two components of the voltage in 
phase-qxxadrature. The magnetic current moments along the 
four edges and the resultant moment vectors are shown in 
Pig. 4.5. It may be recalled here that f' in (2.1) is the 
magnetic current density in volts/meter and K in (2,2) is 
the integration of K' over the thickness of Ihe substrate 
and is therefore in volts. Hence, Z can be termed as 

linear magnetic current density. The value E obtained from 
(2.2) is the value of the linear magnetic current density at 
one of the ports. Since voltage 7 is the average value over 
the width of the port, E is also the average value. The term 
magnetic current moment (or current moment) as used in this 
thesis is the integration of the linear magnetic current 
density with distance along the periphery of the antenna. 

Por example, when the voltage (and therefore the linear 
magnetic current density E^) over the width of the ith port 
is considered to be constant, the product of E^ and the width 
of the ith port gives the value of magnetic current moment 
over the width of the ith port. 




FIG.4-4 VOLTAGE DISTRIBUTION ALONG PERIPHERY POR 
INPUT AT (x/a,y/b)«(Wf0*0) 
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FIG-4-S MAGNETIC CURRENT MOMENT DISTRIBUTION AND 
ORIENTATION OF RESULTANT MOMENT VECTORS 
FOR THE VOLTAGE DISTRIBUTION SHOWN IN FIG*4‘4 
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Th.e I'es'u.l'fcan't coiapoiisii'fes of "th© magnei/ic cu.iren'b Biomeii’ts 
are evaluated by vector addition of the components along the 
four edges. These resultant components are oriented at 
91 . 53 ° angle with respect to each other and are in phase- 
quadrature. This explains the existence of circular polari- 
zation, the value of axial ratio being determined by the 
relative amplitudes of the two vectors and the space angle 
between the two vectors. The components (in phase-quadrature) 
of the resultant magnetic current moments can be resolved 
along two orthogonal axes as shown in Pig. 4.5 (g), The axial 
ratio for the polarization ellipse of the magnetic current moment 
calculated from Pig. 4.5(c) is found to be ^1^0.4 dB, This 
value of axial ratio corresponds to the axial ratio (= 0.45 dB) 
for the far-field (in broad-side direction) as expected from 
the discussion in Section 2.1,4. The difference of 0,05 dB 
is expected to be because of the reason that the magnitudes 
of the line currents in Pig. 4.5 have been obtained graphica- 
lly from Pig. 4.4. 

It may be noted that the physical lengths of the sides 
of the rectangle are and 0.48 respectively, 

where /ie andX„ ia the free-space wavelength at 

the frequency (3.l0l GHz) where the best axial ratio is 
obtained. The corresponding effective lengths of tiie sides 
of the rectangle are 0.494^ and 0,50606X^i Thus one of 
the effective lengths (0.494yX^ is less than 0.5 is less 
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than half wavelength where as the other value is sli^tly 
greater than half wavelength. This could be expected from 
the discussions in Section 1.2.3 on the mechanism of 
operation of single feed circularly polarized patch antennas. 

It has been pointed out by Lo [39] that for circular- 
polarization, the ratio b/a should be equal to (1+1 /Q). In 
the present case the value of (1 + I/Q), calculated as 
explained in Appendix A, is found to be 1.0654 which is 
slightly greater than the values (1.05263 and 1.04727) of 
the ratio of physical lengths (b/a) and of effective lengths 
respectively. The ratio (b/a), and therefore 
ratio b /a , has been found to depend upon the e„ and the 

t? X 

thickness of substrate. Various parameters and a summaiy 
of the results for the antennas investigated are included in 
Tables 4.1 and 4.2 on pages 169 and 170 respectively, 

4.2 ORTHOGONAI MODES 

4.2.1 Orthogonal^modes and tbe ir_resonance frequ enci es 

The discussion in the preceeding section explains why 
corner feeding of the antenna results in circular polarization. 
There are two voltage components in phase-quadrature (Fig, 4*4), 
for which the resultant magnetic current moment vectors are 
in phase -quadrature and very nearly in space-quadrature 
(Pig, 4.5). This results from the existence of two orthogonel 
modes. These orthogonal modes can be excited by feeding the 
antenna at mid-points of the sides AB and AC, that is at the 
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port number 4 and at the port number 18 shown in Pig. 4.1. 

The distributions of voltage and magnetic current moments 
along the edges of the antenna for input at port 4 and 
18 are shown in Pig. 4.6 to Pig. 4 , 9 , 

The orientations of magnetic current moments in Pig. 4.7 
and in Pig. 4.9 show that the antenna, when fed at port 4 
or port 18, is linearly polarized. The polarization of the 
antenna at resonance frequencies of these two orthogonal 
modes has been verified experimentally. Pig. 4.10 illustrates 
the variation of amplitudes of the two orthogonal components 
of the far-”field with frequency. It may be noted from 
Pig. 4.10 that at the resonance frequency of the mode when 
the larger dimension of the rectangle is resonant, amplitude 
of is measured to be 20 dB below the amplitude of E^. At 
the resonance frequency of the other mode, we have |e^| 

20 dB below |E(p| • 'Tii© calculated values ofjE^ and jEj^) 
as functions of frequency are also plotted in Pig. 4.10. 

The measured values of resonance frequencies of the two 
orthogonal modes are 3.032 G-Hz and 3.169 GHz. The res- 
pective theoretical values are 3.035 GHz and 3.175 GHz. At 
resonance frequencies of the two orthogonal modes, even 
•for feed location on the diagonal, only one mode is excited 
dominantly. The polarization is, therefore, linear and one 
of the far-field components becomes maximum. The curves in 
Pig. 4.10 have been obtained for feed location on one of the 
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FIG.4'6 VOLTAGE DISTRIBUTION ALONG PERIPHERY 
FOR INPUT AT (x/o, y/b)* (0-0,0‘5) 
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diagonals as showi in Pig. 4 . 10 (inset). Thus the antenna 
fabricated for studying circular polarization, can also be 
used for measuring resonance frequencies of two linearly 
polarized orthogonal modes. This property has also been 
employed in Chapters Five and Six for studying the comers 
chopped antennas and a square patch antenna with a diagonal 
slot. 

4.2.2 Superimpo si tion^of ^orthogonal modes 

Consider the vector sum of the components of the magnetic 
current moments for the two orthogonal modes (of Pigs. 4.7 and 
4 . 9 ) as illustrated in Pig. 4.11. The sim of the magnetic 
current moments for these two modes, as in Pig. 4.11, corres- 
pond to the magnetic current moment whicii results if the 
antenna is excited at one of the comers of Idle rectangle 
(Pig. 4 . 5 ). The two resultant magnetic cinrrent moment vectors 
in Pig. 4.11 are in phase -quadrature and are oriented at 
88.44° with respect to each other. Corner feeding of the 
antenna thus excites two orthogonal modes in phase-quadrature 
which results into circular polarization of the antenna. 

It may be noted that if the feed is located at comer 
‘D’ (Fig. 4.4) instead of being at corner *1’ , reversal of 
the relative phase difference between and E^ (the far- 
field components) takes place. Thus, the sense of polariza- 
tion is reversed when the feed port is shifted from comer ’A' 
to comer ’D’ . 
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Since the location of a corner feed is ^mmetrical 
with respect to the mid-points of the two sides which 
meet at that corner (i.e. the location of comer A with 
respect to the mid-points of sides AB and ID in Fig. 4.1), 
it is expected that the polarization characteristics should 
remain unchanged if the feed is located on the diagonal. 

The variations of axial ratio and input YSWR with feed loca- 
tion ( coaxial feed) along one of the diagonals is discussed 
in the next section. 

4.3 INPUT YSm AND FEED LOCATION 

The variation of axial ratio and input YSWR (at 
3.101 GHz whore the axial ratio of 0.45 dB occurs for 
corner feeding) with feed location on one of the diagonals 
of the patch is illustrated in Fig, 4.12, The axial ratio 
degrades from 0.45 dB to 0.79 dB and improves again as the 
feed is moved along the diagonal AC. The input VS¥R 
decreases from 8.1 to 1.73 as the feed is moved from corner 
'A’ to a point '0,36 AC on the diagonal AC. For feed 
location at a distance r greater than '0,36 AC the input 
VSWR starts increasing again. The distance of the optimum 
location of the feed (for the minimum input YSWR = 1.73) in 
terms of electrical length is 0,2575^(j^« Thus for optimum 
feed port location ('0,36 AC from the corner 'A* as in 
Fig. 4.12) the axial ratio of 0.77 dB is obtained as 
against the 0.45 dB when the antenna is fed at comer 'A'. 



INPUT VSWR 



FEED LOCATION (r/AC) 


PIG* 4*12 VARIATION OF INPUT VSWR AND AXIAL RATIO 
WITH FEED LOCATION ALONG THE DIAGONAL Ai 
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It has been foimd that the axial ratio equal to 0.45 dB 
with feed location on the diagonal (for best input VSWR) is 
obtained again if the frequency is shifted to 3.103 GHz which 
is 2 MEz higher than the 3.101 GHz at whidi the best value of 
axial ratio (0.45 dB) is obtained for feed location at 
corner 'A’. Thus the original low value of axial ratio can 
be obtained even when the feed is located on the diagonal. 
There is of coixrse a small shift in frequency. 

The measured and calculated values of input ¥S¥R over a 
frequency band for which axial ratio < 6 dB , for the 
antenna on 1/8" thick substrate having = 2,52, are plotted 
in Fig. 4.13. The VSWR is thus found to vary only by small 
amount over the frequency range within whidi the axial ratio 
remains less than 6 dB , 

Input VSWR of the antenna described above is about 1.73. 
From calculation it is observed the (62.42 + 328 , 4 ) is 
higher than the feed line impedance of 50 Ohms. Thus VSV/R 
could be improved by decreasing Since for the same 

effective dimensions of a microstrip circuit the impedance 
level (reactive component) reduces to half the original 
value if the thickness is reduced to half, another antenna 
on 1 / 1 6 ” substrate (with = 2.5'2 as in the preceeding case) 
was designed. For this antenna, the variation of input VSWR 
with feed location is shown in Fig. 4.14. The optimum value 
of input VSWR is found to be 1.33 and occurs again for a feed 
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location which is at a distance r equal to 0,36 times the 
effective diagonal length from one of the comers as shown 
in Fig. 4.14. The ratio of the lengths of sides (b/a) for 
the best axial ratio (0,17 dB) is found to be 1.026 for 
a = 2,81445 cm. The dimension 'a' is choosen such that Ihe 
effective length ’C'g’ is equal to the corresponding effective 
length for the antenna, with l/S” substrate, discussed in 
the proceeding section. The best axial ratio is found to 
occur at 3,13725 GHz. As the dielectric constant for the 
substrate with thickness 1/16" was sli^tly different 
( = 2.49), the design was optimized again for = 2.49 
and thickness = l/l6" to confirm the results experimentally. 

For this design the dimension 'a' is 2,80 cm. The best 
circular polarization occurs when ‘b’ = 1,02964a. The value 
of the best axial ratio is 0.17 dB and occurs at 3.1658 GHz. 
The input VSWR at this frequency is found to be minimum 
(= 1.33) -when the feed is located at a point, on the diagonal, 
0.36 times the effective diagonal length from one of the 
corners. The variation of input VSWR with feed location is 
illustrated in Fig. 4.15. The measured and calculated values 
of input VSWR over .a band of frequencies, for which axial 
ratio remains less than 6 dB, is plotted in Fig. 4.16, In 
this case also the input VSWR variation over the entire 
frequency range of interest is small* The input impedance 
values at the center frequencies for the three antennas are : 
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i) (62. 42+328, 4)P“ for substrate thickness = 1/8", e =2.52; 

ii) ( 55.5+3 1 4.2) JTL for substrate thickness = l/t6",e = 2.52 
and 

iii) ( 52 .8+3 1 4.8) X2. for substrate thickness = 1/16",£ = 2.49. 

Thus the reduction of substrate ihickness to half reduces the 
reactive part of the input impedance to half which results into 
better input VSVR, 

The input ?S¥R can be reduced further if a l/52" thick 

substrate is used. Extrapolating the results, we expect Z. 

xn 

to be around (50+3?) ohm and the VS¥R is likely to be about 
1.15* Although the input YSWR improves with the reduction 
in the thickness of the substrate, it has been observed that 
the axial ratio limited bandwidth decreases. However, there 
is a definite improvement observed in the value of the best 
axial ratio xvhen the substrate height is reduced from l/8" to 
1 / 16 ". 

4.4 BANDWIDTH AND BEAMWIDTH 

The variations of axial ratio with frequency for the two 
antennas (fabricated on,(i) polystyrene substrate of thickness 
1/8" and dielectric constant = 2.52; and(ii) polystyrene 
substrate of thickness = l/l6** with = 2,49) are shown in 
Eig'. 4.17 and Pig. 4.18 respectively. Kie -theoretical value 
of bandwidth (for axial ratio less than 6 dB) for the l/8« 
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thick substrate (e^ = 2.52) antenna is found to be 33.70 Mz 
which is 1.086 percent for the center frequency 3.103 &H 2 . 

The corresponding values of the bandwidths for antenna on 
1/16- thick substrate (e^ = 2.49) are 20 Mz and 0.632 percent 
(center frequency = 3.1658 GHz) respectively. The reduction 
in substrate thickness to half thus reduces Ihe axial ratio 
bandwidth by about 41 percent. 

The radiation patterns^ in t = 90^ plane, for the two 
antennas (e^ = 2.52, thickness of substrate = 1 / 8 " ; and 
E’j, = 2 , 49 » thickness ot substrate = 1 / 16 ” ) at frequencies 
where the axial ratio is the best obtainable are shown in 
Fig. 4.19 and Fig. 4.20 respectively. The difference between 
jEg| and |B^| remains within 3 dB for -55*^ < Q < +55° and is 
within 6 dB for —68° < 0 < +68° for 1he antenna on 1 / 8 ” 
thick substrate with = 2.52. The corresponding beamwidth 
for the 1 / 16 " thick substrate antenna (e_ = 2.49) for 3 dB 
difference between jE^j and E^j is -58° < 0 < 58° and that 
for 6 dB difference between |e^| and |E^| is -69° < © < 69°. 
The experimental results on radiation pattern are discussed 
in the next section. 

4.5 EXPERIMEHTiUD RESULTS 

Experiments have been carried out on 1 / 8 ” polystyrene 

substrate (e^ = 2 . 52 f antenna and I/ 16 ” polystyrene substrate 

(e^ = 2.49)^ antenna. The photographs of the two antennas ane 

shown in Pig. 4.21(a) and (b). The experimental set-up is 
*Because of variation of from sample to sample, values of 
Ej, of the substrates were measured before desi^i^_ the 
antennas. The measurement method used is descrxbed in 

Appendix B. 



Fie- 4-19 ANTENNA CONFIGURATION AND ITS RADIATION 
PATTERN (Theoretical) IN <h=90* PLANE FOR 
FEED LOCATED ON THE DIAGONAL AS SHOWN 
IN FIG- 4-13 (inset l.Substrate thickness*W8* 


161 



FIG-4-20 RADIATION PATTERN FOR THE DIAGONAL 
FED ANTENNA IN ^isgo'PLANE AS OBTAINED 
THEORETICALLY. THE FEED IS ON THE 
DIAGONAL AS SHOWN m FIG- 4-16 (inset). 
Substrate thickness =1/16* 


Fig, 4.21 Photograp’i of diagonal fed antennas fabricated 
on 

(a) l/8" thick substrate with e^ = 2,52 

(b) 1 / 16 ” thick substrate with e^=s 2.49 
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shown in Pig. 4.22. The axial ratio is measured by turning 
the linearly polarized horn antenna by 90^ to receive the 
other component. 

The variation of axial ratio with frequency, for the 
two antennas, are plotted in Pigs. 4.17 and 4.18, The 
experimental band widths for the two antennas are found to be 
34.8 MHz (l.12 percent) for l/8" substrate antenna and 
21.2 MHz ( 0.67 percent) for 1 / 16 ’* substrate antenna. The 
corresponding theoretical values of bandwidths are 1.086 per- 
cent and 0.632 percent. For the two antennas, the variation 
of input VSWR with frequency over the bandwidth for which 
axial ratio remains less than 6 dB, are shown in Pig, 4.13 
and in Pig .4.16. 

The theoretical and experimental values of far-field 
components, for the two antennas, in 9 = 90 ° plane are 
plotted in Pig, 4.23 to Pig. 4.26. It is foimd that the 
experimental and theoretical results for input VSWR, axial 
ratio and raHiation patterns are in good agreement. 

Parameters and results of the antennas investigated are 
summarized in Tables 4.1 and 
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FIG. 4-23 COMPARISON OF THEORETICAL AND EXPERIMENTAL 
VALUES OF Ee IN ()»90* PLANE FOR A DIAGONAL 
FED ANTENNA. FEED LOCATION IS AS SHOWN IN 
FIG- 4*13 (instt) 
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10.4*24 COMPARISON OF THEORETICAL AND EXPERIMENTAL 
VALUES OF E(|, IN ♦sOO* PLANE FOR A DIAGONAL 
FED ANTENNA. FEED LOCATION AS IN FIG* 4*13Cmset 
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EfS 2*4S t as 2*80 cm 
b/as 1*0298429 

SUBSTRATE THICKNESS* l/ie" 



FIG.4-25 COMPARISON OF THEORETICAL AND EXPERI- 
MENTAL VALUES OF E0 FOR A DIAGONAL 
FED ANTENNA- FEED LOCATION IS AS IN 
FIG- 416 (inset! 
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FlG.4-26 COMPARISON OF VALUES E<^ AS OBTAINED 
THEORETICALLY AND EXPERIMENTALLY. 
FEED LOCATION IS AS IN FIG- 4-16 (inset) 






Table 4.2 

Results of investigations on diagonal fed antennas having parameters 

as in Table 4.1 
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4.6 DISCUSSIOITS 

Investigations have been carried out on three diagonal 
fed S-band antennas on substrates having different values 
of thickness and of dielectric constant. The ratio of 
length to width of the rectangular patch is optimized ±br 
obtaining the best circular polarization. The length to 
width ratio is found to depend upon the value of ihe 
dielectric constant and thickness of the substrate. The feed 
port is located on one of the diagonals to obtain the minimum 
input VSWR. In all the three cases investigated, the 
distance of the feed location from one of the end points of 
the diagonal is found to be 0,36 times the effective (^agonal 
length. It is observed that better input 7SWS can be 
obtained by using thinner substrates but reduction in the 
thickness of the substrate to half reduces the axial ratio 
limited bandwidth by nearly 41 percent. The 7S¥R remains 
practically constant over the range of frequencies for which 
axial ratio remains less than 6 dB. 

The beamwidths for three antennas, defined for 3 dB and 
6 clB difference between |e^| and |e^J, are given in Table 
4.2. The theoretical values of beamwidths for the -three 
antennas are nearly equal. The measured values are greater 
than the respective theoretical values (Table 4.2). Ihis 
difference between measured and -theoretical values can be 
explained from the nature of variations of -the far-field 
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components with e. The iheoretical and experimental values 
of in Pigs. 4.24 and 4.26 are in agreement for 0 •< d < 90®. 
But in case of S^, it is observed that for © > 60° the experi- 
mental values decrease faster as compared to the values 
obtained theoretically (Pigs. 4.25' and 4.25). (Such 
difference between measured and theoretical values of E. has 

y. 

been observed by Dereryd [57] also). Also, from Pigs. 

4.19 and 4.20 it is found that |b^^ < jE^j for 6 > 30°. Thus 
the faster rate of decrease in experimental with © 

reduces the difference between [E^j and jE^j . Thus -Sae 
experimental beamwidth is increased. The decrease in 
experimental values of near © = 90° can perhaps be 
attributed to the excitation of surface waves which cause 
flow of power along the surface of -the substrate. 

The values of (l + q) are foxind to be slightly greater 
than the ratios (b/a) physical and (b/a) effective. 

Experimental results are in good agreement with those 

evaluated theoretically. It is thus found that liie G-reen's 

function approach, as, proposed in Chapter Two, can be used 

for analysis and design of aicrostrip antennas. 

/ 

The next chapter describes the details of investigations 
carried out on corners chopped square patch antennas using 
the Green's function approach and the desegmentation methoa. 


CHAPTER FIVE 


COSITERS CHOPPED SQUARE PATCH ANTEHHA 

5.1 ANALYSIS AND OPTIMIZATION 

5.1.1 

The config\iration of a feomers cht^pped patch anteona 
is shown in Pig, 5,1, For analysis, the antenna configuration 
(a~segment) is considered as obtained by chopping off two 
diagonally opposite comers of a regular square patch (y- 
segment) and the de segmentation method, as illustrated in 
Fig, 5.2, is used. The separated comers, which are 
isosceles right-angled triangles, are designated as segments 
and ^ 2 * 

The antenna (a-segment) to be analyzed is considered as 
multiport circuit as shown in Fig. 5.5(a). For the typical 
circuit chosen for illustration, the periphery (magnetic 
wall boimdary) of this multiport circuit is divided into 
32 ports (2 to 35). An additional port (corresponding to 
the feed point) is considered to be located at mid— point of 
port number 5. The width of this port is taken equal to the 
width of the feed line in case of microstrip feed or equal to 
the diameter of the pin of coaxial feed line as Ihe case may 
be. This additional port is numbered as 1. Thus following 
the nomenclstdre of Chapter Ihree, there are 25 p— ports 
(1 to 25) and 8 c-ports (26 to 33). For the configuration 
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(b) 

Fie.5-2 la) THE REGULAR SQUARE r-SEGMENT; 

lb) REMOVAL OF prAND SEGMENTS 
FROM r- SEGMENT VIELOS«- SEGMENT 
OF FIG* 54 



(b) 


?lG-5-3(a) THE ANTENNA STRUCTURE CONSIDERED AS 

MULTIPORT CIRCUIT} p-PORTS-l TO 25} 

c -ports: 26 TO 33j(bl THE p-SEOMENTS WITH 
4 d- PORTS AND 4 q-PORTS ON EACH OF THEM 
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considered, it turns out that 4 (j-ports on each of the 
p-segments (Pig. 5.3Cb)) are sufficient for accurate evalua- 
tion of the Z-matrix of the a-segnent. is there are 4 q-ports 
on each of the p-segments 4 o-ports at each of IJie truncated 
corners of the a-segment and 4 d-ports on each of the p- 
segments are needed. The hypotenuse of each of the triangles 
is divided into 4 sections ■which form d~ports as sho'wn in 
Fig. 5.3(b). 

The Z— matrices of y- and p— segments are evaluated using 
the Green’s functions [l], [2l]. The de segmentation method 
as formulated in (3.14) is then used to evaluate the Z-matrix 
of the multiport net'work model of Fig. 5.3(a). The Z-matrix 
so obtained pertains to an ideal cavity model with magnetic 
wall boundary. The Z-matrix of the multiport model with 
radiated power taken into account, is evaluated by considering 
the ports, 2 to 33 (Fig. 5.3) » to be terminated by radiation 
resistances. However, as discussed in Section 2.2.2, the 
input port (n'umbered l) is left unterminated. 

The voltage distribution around the periphery of the 
antenna is obtained from (2.19). The magnetic current moment 
distribution (equivalent to the voltage distribution) is 
evaluated from (2.2), and the far-field is computed using 
(2.4) and (2.5). The axial r^tio is eva3.uated over a band of 
frequencies for different values of the truncation. The 
variations of polarization characteristics with the truncation 
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and the frequency are discussed in the following section. 

For the chooser dimensions (a = 2.73 cm) of the square 
patch (Y-segment in Fig. 5.2(a)) with = 2.52 and substrate 
thickness = l/8", the axial ratio is evaluated at several 
frequencies for each value of the truncation *b*. The varia- 
tion of ascial ratio with frequency and with amount of trunca- 
tion is illustrated in Fig. 5.4. It is found that for 'b» 
(effective) = 0.44 cm, the axial ratio is 0,t2 dB at 3175.0 I-ffiz. 
The ratio (b/a) is 0.04578 when evaluated in terms of physi- 
cal dimensions and equal to 0,1444626 in terms of effective 
dimensions. 

Voltage and magnetic current distributions, that are 
responsible for circular polarization of the antenna, are 
discussed in the following section. 

5 ^ ^ Y9-3: distribution 

The in-phase and quadrature components of the voltage 
around the periphery of the antenna, for feed loca.tion as 
shown in Fig. 5.5 (inset), are shown in Fig. 5*5. Comparison 
of this voltage distribution with that for Ihe diagonal fed 
antenna, shown in Fig. 4.4j shoxfs that they differ in nature 
of divstribution along the periphery of the two antennas. In 
case of diagonal fed antenna, each of the radiating edges of 
the antenna has the in-phase and quadrature components of 


Curve I b (Effective) 



(ap)oi»“-' i®'*v 


Frequency (MHz) 

FIG-5-4 VARIATION OF AXIAL RATIO WITH FREQUENCY FOR DIFF 
VALUES OF TRUNCATION V 



Voltage 



Distance along periphery 

FIG 5-5 DISTRIBUTION OF VOLTAGE ALONG THE PERIPHEFV 
OF THE ANTENNA FOR FEED LOCATION AS SHO I J 
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voltage which, contribute to net radiation. In case of 1316 
corners chopped square patch antenna (Pig. 5 . 5 ), the radia- 
tions froiQ edges AB and DE are due to the inphase <x>iiiponent 
of the voltage. The edges CD and PA radiate due to the 
quadrature component of the voltage along these edges. 

This feature becomes more clear from the comparison of 
the magnetic current moment distributions showi in Pig. 4.5 
(for diagonal fed antenna) and in Pig. 5*6, the latter illus- 
trating the magnetic current moment and the orientation of 
the resultant magnetic current moment vectors for Ihe comers 
chopped square patch antenna. Orientations of the resultant 
magnetic current vectors as illustrated in Pig. 5.6 reveal 
that the antenna is circularly polarized. The amplitude of the 
magnetic current moments in Pig, 5.6 are obtained from the 
voltage distribution of Pig. 5.5. The value of axial ratio 
for the magnetic current moments (Pig. 5.6) is found to be 
nearly 0.035 dB whereas the axial ratio evaluated for far- 
field is 0.12 dB. As discussed in Section 4.2 for a diagonal 
fed antenna, the voltage distribution of Pig. 5.5 that 
results into circular polarization of liie comers chopped 
square patch antenna should be expressible as linear combina- 
tion of two orthogonal modes. A discussion on these two 
constituent modes is presented in "the next section. 
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FIG S& MAGNETIC CURf?ENT MOMENT DISTNIBUTION AMO 
ORIENTATION OF RESULTANT MOMENT VECTORS 
FOR VOLTAGE DISTRIBUTION W FIG*S*5 
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5.2 ORTHOGONAL MODES 

Consider the voltage distribution along the periphery 
of the antenna when the antenna is excited at one of the 
untruncated corners as shown in Fig. 5.7. The corresponding 
magnetic current moments are shown in Eig. 5.8. As the 
magnetic current moments along 1he edges of the truncated 
corners are eq^ual in magnitude and opposite in direction, 
their contributions to the .radiation field cancel out in 
the broadside direction. The orientations of the resultant 
components of magnetic current moments, as in Hg. 5.8, 
indicate that the antenna is linearly polarized. The theore- 
tical and experimental values of the resonance frequency 
of this mode are 5*1540 GHz and 3.1525 GHz respectively. The 
measured amplitudes of the two far-field components 
(orthogonal to each other) are shown in Pig. 5.9 as functions 
of frequency. At resonance frequency, the amplitudes differ 
by more than 19 dB and the antenna is therefore linearly 
polarized. 

Now consider the distribution of -the voltage (Pig. 5.10) 
and of the equivalent magnetic moments (Pig. 5.11) along the 
edges of the antenna when fed at one of the truncated comers. 
It is found that the magnetic current moments along truncated 
corners of the antenna are additive (contrary to the sitiiation 
shown in Fig. 5.8). The polarization of Ihe antenna is again 
linear (Pig. 5,11) but is in space quadrature with that 



FIG.5-7 VARIATION OF VOLTAGE ALONG PERIPHERY 
OF THE ANTENNA FOR FEED LOCATION AT 
CORNER A 
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PI6.5-9 VARIATION OF AMPLITUOESOF THE TWO ORTHOGONAL COMPONENTS 
OF FAR-FIELO WITH FREQUENCY IN BROAD-SIDE DIRECTION IN 
PLANES A-A AND B-B 
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FIG S-IO VOLTAGE DISTRIBUTION ALONG THE 
PERIPHERY OF THE ANTENNA FOR 
FEED LOCATION AS SHOWNfinset) 
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obtained when the antenna is excited at one of the untrun^ 
cated corners. The calculated and measured values of 
resonance frequency of this mode are 5.2155 SHz and 
3.2125 GHz, At the measured value of ihe resonance frequency 
the amplitudes of the two orthogonal components of far-field 
differ hy more than 19 dB and the antenna is thus linearly 
polarized (Fig. 5.9). 

The superimposition of the resultant magnetic current 
moments shown in Figs. 5.8 and 5 . 11 is illustrated in Fig. 
5 . 12 . From the comparison of the resultant vectors in 
Figs. 5.6 and 5.12, it may he concluded that excitation of 
the antenna for feed location as in Fig. 5.6 excites two 
orthogonal modes which results into circular polarization, 

Tlie input VS¥R for feed location as shown in Fig. 5.6 (inset) 
is found to he 5 . 9 . In order to investigate the possihili-ty 
of improving the input V3¥R without using any external 
impedance matching network, feed port locations on the 
line x/a^ =0.5 (Fig. 5.13 inset) have been considered. 
Discussion of this aspect follows in the next section. 

5.3 PEED LOCATION AND INPUT VSWR 

As pointed out in the preceeding section, the input 
?S¥R at the periphery of the antenna is 5.9. From ihe 
relative location of the feed in Fig. 5.5 (inset) wiidi 
respect to the feed locations (for the two orthogonal modes) 
shown in Figs. 5.7 and 5.10 it can be argued mat the feed 
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FIG* 5*12 VECTOR ADDITION OF MAGNETIC CURRENT 
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FIG.5-13 VARIATION OF INPUT VSWR WITH FEED 
LOCATION ON x/ae"0*5 LINE. Substrate 
thickness = 1/8^ 


Axial ratio (dB) 
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location on the line x/a^ = 0.5 (Pig. 5.13) should also 
yield circular polarization. The variation of input ¥SWR 
and azial ratio (at 3.175 GHz) with feed location is illustra- 
ted in Pig. 5 . 13 . The input VSWR reduces from 5.9 for feed 
location at (i/a^, y/a^) = (0. 5,0.0) to 2.26 when the feed 
la located at (x/a^, y/a^) = (0.5, 0.545). For y/a > 0.545 
on the line x/a^ = 0.5» the input VSWR starts increasing 
until at y/a^ = 0.5 the input impedance (Z^=0. 51 1+332.41 ) 
tends to be purely reactive and the input VSWR becomes very 
large . 

As illustrat€id in Pig. 5.13» the axial ratio degrades 
from 0,12 dB for feed at (^/a^ty/a^) = (0,5, 0.0) to a maxima 
of 0.4 dB for feed at (x/a^, y/a^) = (0.5, 0.45). The value 
of axial ratio for the feed location at (x/a^, y/a^) = 

(0.5, 0.345), where the input VSWR is minimum, is 0.36 dB. Por 
the optimum location of the feed port, the best axial ratio 
(0.02 dB) occurs at 3.1758 GHz. This frequency is 0.8 MHz 
above the frequency at which the best circular polarization 
(axial ratio =0.12 dB) is obtained when the antenna is fed 
at (x/a . y/a^) = (0.5, 0.0). Such a shift in frequency has 
been observed in case of diagonal fed antennas also as 
discussed in Section 4.3. Thus it is found that the feed can 
be located on the line x/a^ = 0.5 to realize better input 
VSWR without affecting the polarization characteristics. Also 
the feed can be located on the line y/a^ = 0.5 to realize 
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the same input V3WR values, as for feed locations on the 
line x/a^ = 0.5, hut the relative phase difference between 
and changes sign and the sense of polarization is 
reversed. Bor the antenna discussed in the preceeding 
sections, the values of dielectric constant and thickness of 
the substrate were taken to be 2.52 and l/8" respectively. 

Another antenna on l/l6’' substrate having = 2.51 has 
been designed for S-band operation, !I3ie dimension 'a' of the 
square patch was chooser equal to 2.86 caa and the optimum 
truncation for the best axial ratio (0.12 dB) is ’0.0573a'. 

The variation of input YSV/R with feed location is shown in 
Fig. 5-14. In this case the best input VSWR (= 1.6) is 
obtained when the feed is located at (x/a^, y/a.) = (0.5,0.33). 
The optimum value of axial ratio (0.12 dB) for this feed loca- 
tion occurs at 3.1756 GHz. The calculated values of resonance 
frequencies of. the two orthogonal modes for this antenna are 
3.1370 GHz and 3.234 GHz. The corresponding measured values 
are 3.1343 GHz and 3.2298 GHz respectively. 

Bor both the antennas the axial ratio and input YSi^fR 
are calcula.ted at several frequencies. The beamwidths for 
the antennas are obtained from .ihe radiation patterns at 
the frequencies where the best^ratio is observed. These 
aspects are discussed in the following section. 
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FIG.5-U VARIATION poR^r 

location on x/ae=0-5LINE FOR A W - 

SUBSTRATE ANTENNA 
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5.4 BANDWIDTH AND BEAMWIDTH 

5*4.1 freguencj 

The calculated values of input VSWR as a function of 
frequency (in the frequency range over which the axial ratio 
remains less than 6 dB) for the two antennas investigated 
are plotted in Pigs. 5.15 and 5.16. For Ihe l/8“ thick 
substrate (e^ = 2.52) antenna the input VSWR variation 
(theoretically) over the entire band of frequencies of 
interest remains practically constant as illustrated in 
Pig. 5.15. The value of input VSWR at center frequency 
(5.1758 GHa at which the best axial ratio is = 0.02 dB) 
is 2.26. A 3.169 GHz the input VSWR is 2.15 and at 3.190 GHz 
the value of input VSWR is 2.2. The measured values of input 
VSWR arc also plotted in Pig. 5.15. 

For the antenna on thinner substrate (thickness = l/l6*', 

= 2.51) the input VSWR (1.6) is found to remain practically 
constant from 3.167 GHz to 3.183 GHz as ^own in Pig. 5.16. 
Experimental results are also illustrated in the figure. The 
center frequency for this antenna is 3.1756 GHz and the axial 
ratio at this frequency is 0.12 dB. It is thus observed that 
by using thinner substrates, better values of input VS JR 
may be realized. A discussion on variation of axial ratio 
with frequency for the two antennas is given in the following 
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FIG. 5-16 VARIATION OF INPUT VSWR WITH FREQUENCY FOR A 1/16 

SUBSTRATE CORNERS CHOPPED ANTENNA, 
cppn 1 nnATinw 1!^ OPTIMIZED IN FIG- 5-14 
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5 • 4- • 2 2.J— f rs^p-ency 

For the two antennas, designed on polystyrene substrates 
of thickness 1 / 8 " and l/l 6 " (with = 2.52 and 2.51 res- 
pectively) the variations of axial ratio with frequency are- 
shown in Pigs. 5.17 and 5,18. 

Por the 1 /S * thick antenna the best value of azial 
ratio (= 0.02 dB) is found (theoretically) to occur at 
3.1758 GHz. The feed location is at (x/a , y/a ) = (0.5,0.345) 
where the input 7SWR is found to be minimum (Pig. 5.13). 

It may be recalled that for feed at (x/a ,y/a ) = (0.5, 0.0), 
the best value of axial ratio equal to 0.12 dB is 
obtained at 3.175 GHz. Thus there is a shift in center 
frequency by an amount equal to 0.8 MHz and also the axial 
ratio improves (becomes 0,02 dB) idien the feed is located 
at (x/a , y/a ) = (0.5, 0.345), The bandwidth, for axial 
ratio < 6 dB, is found to be 26.4 MHz{ theoretically) and 
29.4 MHz (experimentally). These values correspond to 
0.831 percent and O .925 percent. 

The corresponding value of bandwidth for an S-ba.nd 
antenna on a substrate of thickness = 1 / 16 " and = 2.51 is 
found to be 14 Mz (theoretically) which eorresponds to 
0.4408 percent. The best axial ratio (0.12 dB) is found to 
occur at 3175*6 MHz (Pig. 5.18). The axial ratio limited 
bandwidth for the 1 / 16 " substrate antenna is nearly 4? percent 
less than that for the 1 / 8 " substrate antenna. It may be 


Substrate thickness:1/8 ,6r=2-52 



FlG.5-17 VARIATION OF AXIAL RATIO \WITH FREQUENCY FOR CORNERS 
CHOPPED ANTENNA ON 1/8* THICK SUBSTRATE 
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FIG. 5*18 VARIATION OF AXIAL RATIO \N\JH FREQUENCY FOR A CORNERS 
CHOPPED SQUARE PATCH ANTENNA ON I/IS'^THICK SUBSTRATE 
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noted that since the values of m the two cases are nearly 

equal, the reduction in bandwidth is mainly due to the 
reduction in thickness of the antenna. Such a reduction 
(4-1 percent) in bandwidth has been observed in the case of 
diagonal fed antenna also, as discussed in Section 4,4. Also 
from Figs. 5*15 — 5.18, it is observed that the bandwidth is 
limited by axial ratio in case of both the corners chopped 
antennas. The input VSWR variation is very small over the 
frequency range over which the axial ratio remains less than 

6 aB. 

5.4.3 

The radiation pattern for the antenna, in 9 = 90° plane 
and at frequency 3.1758 GHz, designed on a substrate of 
thickness 1 / 8 " with = 2.52, is shown in Fig. 5.19. The 
beamwidth for 3 dB difference between and is 129° 
(-64.5° < © < 64.5°) and that for 6 dB difference between 
Eg and is 142° (-71° < © < 71°). For the 1 / 16 " substrate 
antenna (e^ = 2 . 5 l) the radiation pattern, at frequency 
( 3.1752 GHz) where the best axial ratio is obtained, is 

shown in Fig. 5.20. The beamwidth for 3 dB and 6 dB 

,0 , > ■ : '0 

difference between Eg and E^ are found to be 129 and 142 
respectively. Thus the beamwidths for liie comers diopped 
antennas on 1/8” and I/I 6 " thick substrate antennas are found 

to be equal. 


a=2'73cm(PHYStCAt) 
b/a =0*04578 



SUBSTRATE THICK NESS=l/8*jer=2*52 


0 = 0 * 



FfG.5*19 THE CORNERS CHOPPED SQUARE PATCH ANTENNA 
AND ITS RADIATION PATTERN IN t^SO'PLANE AT 
31758 MHz 
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I ^=90* PLANE 



FIG-5-20 RADIATION PATTERN I in4)=90* plane) FOR CORNERS 
CHOPPED ANTENNA ON A POLYSTYREN SUBSTRATE 
OF THICKNESS =1/16* 
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5.5 EXPERIMENTAL RESULTS 

Th.fi phctographs of "th© fs-bricafed anbennas are shown in 
Eig- 5.21. The experimental set up is shown in Pig. 4.22. 

The variations of axial ratio with frequency for the two 
antennas (l/8" thick substrate with =2,52 and l/l 6" thick 
substrate with e^ =2.51) are s.hown in Pig. 5.17 and in 
Pig. 5.18. The measured values of bandwidths for the two 
antennas are 29.4 MHz (0.925 percent) and 14.4 MHz 
(0.4535 percent). The input 7SWR variations with frequency 
for the two antennas are illustrated in Pigs. 5.15 and 5.16. 
It is observed from these figures that the input VS¥R (=1,8) 
for antenna on a substrate of l/l6” is better than the input 
VSWR (= 2.26) for l/ 8" substrate antenna. The measured value 
of axial ratio bandwidth is, of course, 51 percent less for 
the 1/16” substrate as compared to that for 1/8” substrate 
antenna. 

For comparison the theoretical and experimental values 
of far-field components are shown in Pigs. 5.22 and 5«25. 
results of the study of the two antennas are summarized in 
Table 5.1 and in Table 5.2, 

5.6 DISCUSSIONS 

Two corners chopped square antennas fabricated on 
polystyrene substrates having substrate thickness I/8” 

(e ^ p ^2) and I/16’' (e =2.51) have been investigated. The 
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Substrate thickness-.l/8‘,er = 2-52 




i 


theory 


experiment 

^ = 90* PLANE 


THEORY 

EXPERIMENT 

<t>=90* PLANE 


fl6.5'23 RADIATION PATTERN FOR A CORNERS CHOPPED 
ANTENNA (on 1/16 polystyrene substrote with €r=25l) 
SHOWN IN PHOTOGRAPH 5-21(b) 





208 


TalDle 5-.t Sumary of results for a corners chopped 
an .enna fabricated on a substrate of 
thickness equal to l/S” with Cj. = 2.52. 
Dimensions of the square patch =2.73x2.73 cm2 ^ 
Trimcation of corners = 0.04578 a cm 


Theoretical Experimental 
value value 


1 . Center frequency (GHz) 

2v Resonance frequencies 
of orthogonal modes 
(GHz) 

5. Axial ratio at center 
frequency (dB) 

4. Bandwidth (MHz) for 
axial ratio < 6 dB 

5. Input VSWR at center 
frequency 

6. Beamwidth for 
difference between 

t®®l P^l 


i) < 3 dB 

-64 

ii) < 6 dB 

-71 


3.1758 

3.1750 

3.1340 

3.1325 

3.2155 

3.2125 

0.02 

::o0.0 

26.4 (0.83l/o ) 

29.4 (0.925^ ) 

2.26 

2.26 


.5° < 8 

< 64.5^ 

-76® 

< e < 76 ® 

° < e 

< 71® 

-81° 

< e < 81® 
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Table 5*2 Summary of results for a corners chopped 
antenna fabricated on a substrate of 
thickness equal to 1 / 16 ” with = 2.51. 
Dimensions of the square patch = 2.86x2.86 cm^ 
Truncation = 0.0573a cm 


Theoretical Experimental 

value value 


1. Center frequency (GHz) 
(GHz) 

3.1756 

3.1753 

2. Resonance frequency 
of orthogonal modes 
(GHz) 

3.1370 

3.2340 

3.1343 

3.2298 

5 . Axial ratio (dB) at 
center frequency 

0.12 

0.15 

4 . Bandwidth. (MHz) for 
axial ratio < 6 dB 

14.0(0.44/0 

14.4 (0.4535/ ) 

5 . Input V3WR at center 
frequency 

1 .6 

1.8 

6. Beamwidth for 

difference between 

Pel Pfl 

i) < 3 dB 

-64.5° < e < 64.5° 

-69° <0 < 69° 

ii) < 6 dB 

1 

-01 

0 

A 

CD 

A 

-Ol 

"^0 

-80° < & < 80° 
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theoretical analysis has been carried out employing the 
de segmentation method. Axial ratio as good as 0.02 dB 
and 0.12 dB have been realized. The location of the feed, 
in both the cases, is determined for minimum obtainable 
input 7SWR (with respect to a 50 Ohms coaxial line). It is 
observed that change in feed location on the line joining the 
mid— points of two opposite sides of "the antenna causes a 
small shift in frequency at which the best circular polari- 
zation is observed. Also, as in the case of diagonal fed 
antenna discussed in Chapter Bour, the bandwidth of the 
corners chopped antennas is limited by axial ratio and not 
by input VSWR. 

The effects of thickness of the substrate 
on axial ratio bandwidth and V3¥R bandwidth are studied. 

It is fo\xad that reduction in the thickness of the substrate 
to half the value reduces the axial ratio bandwidth by 
51 percent as measured and by nearly 4>.7 percent as evaluated 
theoretically. Thinnes substrates of course yield better 
values of input VSWR. The beamwidths for both the substrates 
thicknesses are equal. The measured values of beamwidths are 
found to be greater than the respective theoretical values as 
in case of diagonal fed antennas discussed in Chapter Four. 

The theoretical and experimental results are found to 
be in good agreement. The erperlmental values of axial ratio 
bandwidth are, of course, slightly greater (by 3 MHx for 1/8" 
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sub straij© antenna and by 0,4 MHz for l/l6** substrate antenna) 
than the respective theoretical values. (This difference is 
expected because losses in the dielectric and those in the 
conductors have been ignored in the analysis. These losses 
decrease the Q-factor and thus increase the bandwidth. 





CHAPTER SIX 


SQUARE PATCH AHTEOTA WITH A DIAGONAL SLOT 

As pointed out in Chapter One, a square patch antenna 
with a diagonal slot is capable of producing circular 
polarization. Some experimental results on the perfoimiance 
of this antenna have been reported earlier f333. However, 
no theoretical procedure for analysis and design have been 
available so far. This chapter presents a detailed account 
of investigations carried out on this type of antenna 
employing the Green's fmaction approach and the desegmentation 
method as proposed in Chapters Two and Three respectively. 

The results of theoretical investigations are verified 
experimentally. 

6.1 ANALYSIS AND OPTIMIZATION 

A square patch antenna with a diagonal slot is shown in 
Pig. 6, 1(a). Por analysis and design, the antenna configura- 
tion is considered as a square patch (y— segment) of dimensions 
*a by a' from which a rectangular patcSi (p— segment) of dimen- 
sions 'p by w' , located along the diagonal of the square, 
has been removed. In other words, if a rectangular patch 
( 13 -segment) is added to the antenna configuration (a-segment) 
of Fig. 6.1(a), a regular square patch (y-segment) xs 
obtained. This is illustrated in Pig. 6.t(b). The desegmen- 
tation method can therefore be used for evaluating the 
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parameters of the a-segment of Iig. 6.1(a) by using the 
procedure illustrated for planar circuit example 2 discussed 
in Section 3.4.4. The Z-matrices for p- and y-segmenta 
(Fig. 6.1) are evaluated employing the (Jreen’s function for 
rectangular planar segment [ij. A detailed discussion on 
analysis and optimization of the dimensions of the slot for 
obtaining the best axial ratio is given in this section. 

^ 1 io r multiport model 

For analyzing the antenna configuration of Fig. 6.1(a), 
the outer boundary of the planar model, after outward exten- 
sion to account for fringing field, is considered to be 
divided into a discrete number of ports as shown in Fig. 6.2. 
The input port is considered to be located at mid-point of 
one of the sides as in Fig, 6.2, The periphery of the 
diagonal slot which constitutes the interface between p- and 
y-segments is also divided into discrete number of ports. 

The locations of c- and d-ports are shown in Fig. 6.2. The 
q-ports are located on the surface of the p-segment as in 
the case of planar circuit example 2 in Section 3.4.4. It is 
found in the present case that 27 q-ports are sufficient for 
the convergence of the values of the Z-parameters of the a- 
segment over the frequenoy range of interest. In order that 
formulation (3.14) can be used for evaluating the Z-matrix, 
it is required that the number of c-ports (= that of d-ports) 
should also be equal to 27 (= number of q-ports). 5his 
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implies that the perlpheir of the p-segment should he 
dlTided in 27 ports ehloh constitute d-ports. Correspondingly, 
the periphery of the diagonal slot in the a-segaent should 

also be divided in 27 ports. 

Experience with the analysis of a number of antenna 
configurations reveals that the portwidths at the radiating 
edges should be of the order of l/iO of the wavelength, or 
smaller, for accurate analysis. This fact has been used to 
reduce the computational effort required for evaluating the 
Z-matrix of the multiport network model of Fig. 6.2 as explai- 
ned below. 


First consider the case when the outer periphery of the • 
planar model (a-segment) is divided in 24 ports (ports 2 to 
25 in Fig. 6.2). An additional port is considered, on the 
periphery of the antenna, which represents the input port. 
The additionally incorporated port (numbered l) overlaps the 
widths of two ports (numbered 4 and 5) in Fig. 6.2. Biis 


can always be done in theoretical analysis, since the vol- 
tages at only 2 to 25 on the periphery are used for evalua- 
ting the antenna performance. The ports 1 to 25 constitute 
the p-ports and correspond to = 25 in reference with 
equation ( 3 . 16 ). 


men C = D - Q - 27, it is required to evaluate all the 


submatrices of and ^ 
matrix is, therefore, 


in order to employ (3.t4). 
of the order (B+Q) * (B+Q) = 5^ ^ 
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The Z-matrix of the v-segment ('7 \ ■?« 4 .u ; 

J acgmen-c ig order 52 x 52 , 

that d-s X "^Q ) • SiHcp -v — ^ 

1 V ^ Oince p- and y-segments are, both, 

rectangular, the computational efforts in evaluating the 

integral function (in the Green's function expression) at one 

port of p-segment and at one port of y-segment are equal. 

That is E(p) = E(y). Hence, the total computational effort 

in evaluating Z^ and when procedure described in 

Section 3.2.3 is used, is obtained from (3.16) as 

= 2Q + (P^+Q) = 54 + 52 = 106 units. ( 6 . 1 ) 

where it has been assumed that B(p) = E(y) = t unit. 

How consider the situation when 12-ports (numbered 26 to 
37 in Pig. 6.3) are considered to be located around the 
radiating edges of the diagonal slot. These ports are 
treated as unconnected ports as explained in Section 3.2.5* 
Thus in reference with the nomenclature used in Sections 
3.2.5 and 3.2.6, we have = 12. Total number of p-ports 
is thus P = additionally incorporated 

p— ports (12 in number) are located right at Ihe radiating 
edges of the diagonal slot, the voltage distribution along 
the slot periphery can be evaluated from the Z-parameters 
corresponding to these ports. The validity of this procedure 
has been demonstrated by a lumped circuit example in Section 
3.4.4 and the theoretical concept has been discussed xn 
Section 3.2.5. In "the present case we have = 25, P 2 = 
and Q = 27. Since we may now employ ( 5 . 15 ), the orders of 
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F!G.6*3 INCORPORATION OF ADDITIONAL p-PORTSI26to 37) 
AROUND THE PERIPHERY OF THE SLOT; P= 37,0=27 
THIS SCHEME REDUCES COMPUTATIONAL EFFORT 
AND COMPUTER STORAGE REQUIREMENT 
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the matrices (= and ^ are Q x Q (= 27 x 27) and 

(P^+P2+Q) X (P^+P^+Q) = 64 X 64, respectively. Assuming again 
B(p) = E(y) = U the total computational effort in evaluating 
% ^ (3.17) as 

= Q + = 27 + (25+12+27) = 91 units (6.2) 

The orders of the matrices Z and Z and the total computa— 

P “Y 

tional efforts in evaluating these two matrices in the two 
schemes discussed above are summarized in Table 6.1. 

Table 6.1 Orders of Za and Zy and total computational effort 
in evaluating these matrices 



Scheme of Pig. 6.2 

Scheme of Pig. 6,3 

1. Procedure employed 

Section 3.2,3 

Section 3.2.5 

2. Orders matrices 



i) So 

54 X 54 

27 X 27 

r 

ii) 

52 X 52 

64 X 64 

3. Computational 
effort 

106 units 

91 units 


Prom Table 6.1 it is observed that 1he procedure discussed 
in Section 3.2.5 reduces the order of -the matrix This re 
duces the total computational effort and computer storag 


requirements. 
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Both the schemes, discussed above, have been tried 
and it is found that the results for axial ratio and input 
VSWR agree exactly, it was then decided to employ the 
second scheme for detailed analysis of the antenna, the 
Z-matrix of the multiport equivalent of ihe planar model 
a-segment being evaluated employing (3.15). Ihe Z-matrix 
so obtained is that of an ideal multiport resonator model 
wherein the losses due to radiation have not been considered 
so far. 

The radiated power is accounted for by terminating all 
the ports, except the input port, by radiation resistances 
[ 50 ] as explained in Section 2,1,1, The input impedance 
of the resultant network, loaded with radiation resistances, 
is evaluated employing the formulation (2,18a). Bie voltage 
along the periphery of the antenna is evaluated using (2.19) 
as explained in Section 2.1.2. 

6.1.2 yoltage_along__the__rad^ting__edges 

The variations of voltage components (in-phase and 
quadrature components with respect to the input current 
phasor) along the (outer) periphery of the antenna and -that 
along the periphery of the slot, for input port marked as 1 
in Pig. 6.3, are shown in Pigs. 6.4 and 6 . 5 . These voltage 
distributions are for optimum dimensions of the antenna 
which result in the best axial ratio (=0.198 dB) at 
3.130 GHz (for = 2.52 and substrate thidcness = l/8'‘). The 
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Slot periphery 


FIG-6-5 VOLTAGE VARIATION ALONG THE PERIPHERY 


OF THE SLOT 
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effective dimensions of the antenna are ; = 2.9175 taa, 

Pg = 2.6 cm, Wg = 2.0 mm. These voltage distributions 
(Pigs. 6.4 and 6.5) are expressed as equivalent magnetic 
currents for evaluating the radiation dtiaracteri sties of 
the antenna, 

6.1.3 ^MSQjj:.g-glgre nt dis tribution 

The linear magnetic current density (Y) , equivalent 
to the voltage at a port is evaluated from (2.2). Bie mag- 
netic current moment distribution, equivalent to the voltage 
distributions shown in Figs. 6.4 and 6.5, is shown in Pig. 
6.6. The components of the magnetic current moments (the 
inphase and quadrature components) along the radiating 
edges of the antenna are added vectorially to obtain the 
resultant magnetic current moments as shown in Pig. 6.6. 

The two resultant component vectors, in phase-quadrature, 
are separated by an angle 90.003° in space. The normalized 
amplitudes of the two resultant moment vectors are 20.7188 
and 20,2367 volts. The existence of two orthogonal magnetic 
moment vectors in phase-quadrature clearly indicates the 
circular polarization characteristic of the antenna. The 
ratio of amplitudes of the two resultant orthogonal vectors 
(Pig. 6.6) is 0.205 dB. The axial ratio (in broadside 
direction) of the polarization ellipse of the far-field, 
corresponding to the magnetic current moment distribution 
ahowi in Fig. 6.6, has heen found to he 0.198 dB (aiO.2 dB). 
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aus the a^ial ratio of the polarloatlon elUpse of the 
wave radiated by the ahtenna, in the btoadeide direction, 
can be evaluated froa the polarization ellipse of the magnetic 
current moments as has been pointed out in Section 2.t.4, 

For evaluating the radiation characteristics in other dire- 
ctions, the electric vector potential is evaluated from (2.4) 
and the far-field is calculated using equations (2,5a) 

( 2 , 5 b). The polarization performance (axial ratio) of the 
antenna as a function of slot dimensions is discussed in the 
following section. 

6,1,4 Optimum, dimensions of the slot 

For the choosen dimensions of the square patch, the 
optimum dimensions of the slot idiich yield best circular 
polarization (axial ratio =0.198 dB at 3.130 GHz) are 
determined by evaluating the axial ratio at several frequen- 
cies for different values of length and width- of the slot. 

The feed point is considered to be located at mid-point of 
one the sides as shown in Figs. 6,7 and 6.8 (insets). At 
3.130 GHz the variation of axial ratio with slot length, 
for effective slot width equal to 2 mm, is shown in Fig. 6.7. 
The corresponding variation with slot width, for effective 
slot length p^ = 2.6 cm, is illustrated in Fig. 6.8. It xs 
observed from Fig. 6.7 that for +0.2 mm and -0.2 mm change 
in the width of the slot from the optimum value (2.00 mm) 
the axial ratio degrades to 1.7 dB and 1 .0 dB respectively. 






FIG. 6*8 VARIATION OF AXIAL RATIO WITH SLOT LENGTH 
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Thus the axial ratio la ^ulte aensitiva to the width ot 
the Slot. Prom Pig. 6.8 it la ob 3 or.ed that for «.00 mm 
and -2.00 mm doviatlon from the optimum length of the slot 
the axial ratio degrades to t.O dB and ,.15 dB. The aeusi- 
tlvity of axial ratio degradation to slot length is thus 
nearly l/lO of the corresponding senaitivity to the slot 
■width variation. The optimum dimensions of the slot (from 
Pigs. 6.7 and 6.8) are thus = 2,6 cm and w = 2.0 mm 
which give the best social ratio = 0.198 dB at 3.150 GHz for 


a^, = 2,9175 cm. 


A di8Cu«?sion on the two orthogonal modes, a linear 
combination of which yield the voltage distribution such as 
shown in Pig. 6.4 (and therefore circular polarization), is 
given in the following section. 


6.2 ORTHOGONAIi MODES OF RESOFMCE 


Prom the discussion in the preceeding section it is 
concluded that circular polarization is obtained for feed 
location at (x/a, y/b) = (0.5, 0.0), that is at mid-point of 
one of the sides of the diagonal slot square patch antenna. 
This, in fact, is the result of two orthogonal modes that are 
excited for such a location of the. feed. The two orthogonal 
modes can bo excited by feeding the antenna at the two extreme 
ends of one of the sides, say at comers A and B of the 
mtcmia in Fig. 6.3. Uie polarisation characteristics of the 


antenna can be explained in 


terms of the linear combination 


of these two modes. 
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consider the voltage distributions along the radiating 

edges of the antenna that result for feed location at 

corner 'A’ (frequency = ^ no „„ u . ^ 

i cuvy _ as shown in fig. 6.9 and 

Pig. 6.10. The equivalent magnetic current moment distri- 
butions and the orientations of the resultant magnetic 
current moments are illustrated in Pig. 6.11. it is observed 
from iho magneliic currenl: momenij distribution (fig. 6.11) 
and the corresponding voltage distribution (Fig. 6.10) 
around the radiating edges of the diagonal slot, that the 
net radiation from the slot is zero. Hie radiations from 
only the outer periphery of the antenna contribute to the 
far- field. The polarization of the antenna is linear as 
can be expected from the orientation of the resultant compo- 
nents of the magnetic current moments in Fig. 6.11. Ihe 
amplitude of each of the two component vectors in phase- 
quadrature is 16.5463 volts. These amplitudes are to the 
same scale as the amplitudes of the vectors in Fig. 6.6 and 
at the same frequency (= 3.150 G-Hz). As these vectors are 
collincar in space, the polarization is evidently linear. 

The calculated value of resonance frequenter of this mode is 
3.212 GHz, the measured value being 3.210 GHz. 

Now consider the voltage distribution along the radia- 
ting edges of the antenna when feed is located at comer B as 

mhown in Pig. 6.12 and Pig. 6.13. Iho calculated resonance 
frequency of this mode is 3.063 GHz and the measured value is 
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3,060 GHz. The ®agnetlc ciir?H5n+ 

Moment distribution 

and th,> oridntntiona of the resultant current moment oom- 

poncnt vootoro are Illustrated in Pig. 6.U. Ihe ampUtudes 

of the two rooultant components of magnetic current moment 

(in phaoo-qundrature and oollineax in space) are 16.8664 

and 1 5 • 1 7 . The amplitudes of these vectors are to the same 

sCfilo no tho*i 0 of th© magnetic current vectors in Fig. 6»6 

and Fig, 6,11* It may be noted from Fig, 6.14 that Ihe 

polarization of the radiated wave is again linear and is 

orthogonal to that for the case when feed point is at the 

corner A. That is for feed port location at comer A 

(Fig* 6*11) the magnetic current moment is polarized along 

tho 3,inc y « -X whereas the polarization of the resultant 

magnetic current moment for input port location at comer B 

« 

(Fig. 6.14) lo along the line y = x. Thus the two polariza- 
tions are orthogonal to each other. 

Fig. 6.15 illustrates the measured values of the two 
orthogonal components of the far-field as functions of 
fro(}uenc.tco. It is obseived that at resonance frequencies 
of thu two modes, the amplitudes differ by more liian 16 dB. 

The antenna is thus linearly polarized at resonance frequencies 
of the two modes shown in Figs. 6.11 and 6. 14. Also, at 
resonance frequencies one of "ttie far-field componaits becomes 
maximum. These observations are consistent with the simi 
results for diagonal fed antenna and the comers ch PP 
antenna reported in Sections 4»2*1 and 5.2 reap ' dy 
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FIG-614 MAGNETIC CURRENT MOMENT DISTRIBUTIONS 
AND ORIENTATION OF RESULTANT CURRENT 
MOMENTSjSLOT RADIATION effect IS IN 
OPPOSITION TO THAT DUE TO PERIPHERAL 
MAGNETIC CURRENT 


1 





m 


U 

0 

3 

u 

u 


u 

c 



a 


u 

c 

o 


^ C 



>1 *2 



u 


m 

c ^ 

o 

S 

0 N 

ii 

3 T 


c 

cr 0 

X> 

Hi 

I*. o 

C 

3 

tL a 

0 

cr 

•I 


(i 

a 

o 

lu 



' 

IAm 



FIG-6‘15 VARIATION OF AMPLITUDES OF THE TWO ORTHOGONAL 
COMPONENTS OF FAR-FIELO WITH FREQUENCY FOR 
THE DIAGONAL SLOT ANTENNA 
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Tho combination of two orthogonal nodaa diaouased 
above producoo oiroular- polarisation. Jig. s.,6 ma^trataa 
the v<.ctor oum of the raaultant oonponenta of nagnotio 
current monu^nts of the two orthogonal modea shown in Jig.6.i1 
and in Jig. 6.14 reapeotivelj. ae resultant component 
vectors in fig. 6,16 are in phase-quadrature and are at 90° 
to cnch other in apace, ae axial ratio for the magnetic 
current moment of Fig, 6,16 is 0,635 oB. 

OompnriHon of tlie orientation and of the amplitudes of 
the reoultant components of magnetic current moment of Fig, 
6,16 with thooo of the corresponding component vectors of 
Fig, 6,6 ahowo that the orientations of the vectors in the 
two oitufftions arc identical, lEhe absolute amplitudes of 
the component a of magnetic current moment in Fig. 6.6 differ 
from the fwiplitudes of the corresponding components in 
Fig. 6 . 16 . Sius feed at mid-point of one of the sides of 
the antenna results in partial excitation of two orthogonal 
modco in phase-quadrature whicii results into circular 
polariantion at a frequency decided by the parameters of -Hie 
dicflectrlc substrate and the dimensions of the antenna. 

The input V3¥R with respect to a 50 line, at 3.130 GHz 
where the boot axial ratio (=5 0,198 dB) is obtained, is fo\md 
to be 3.S tor feed location at mid-point of one of the sides 
ac shown in Fig. 6.6. The optimization of feed location 
minimum input fSWS is discussed in tiie following 
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INPHASE COMPONENT I 

25*50 

QUADRATURE 1 

COMPONENT i 


5-16 SUMMATION OF COMPONENTS OF MAGNETIC CURRENT 
MOMENTS FOR THE TWO ORTHOGONAL MODES 
SHOWN IN FIG-6 n AND FIG- 6-14 
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6«5 MINlfWM VSWR AND OPTIMUM PEED LOCATION 

Aa pointed out In the preoeeding dlacusaione the feed 
location r.t mid-point of one of the sides of Ihe diagonal 
slot antenna yields best circular polarisation. Hiis location 
is syrametrioal with respect to the two diagonals of the 
antenna structure. Investigations have been carried out to 
dct(jrminc tho optima location of the feed for minimum input 
ViSWR on th(j lino joining the mid*'Points of two opposite sides 
of tho antfjnna* It haa been decided so because the line 
x/a^ « 0*5 (as in Pig* 6.17) is also located symmetrically 
r08p<!Ct to the two diagonals. The variation of input VSWE 
and of axial ratio with feed location is illustrated in 
Pig, 6.17. Tho axial ratio remains constant at about 0,2 dB 
for y/a^, .< 0,175 but degrades thereafter. 

Tho input V3WR improves to 1.25 for location at 
y/o,^ := 0.':55. For values of y/a >0.35 the input 7S¥R 
dogrndfio. At y/a^ = 0.35 where the input VSWR is minimum 
(= 1,25) tho axial ratio is 2.5 dB. For axial ratio to 
remain at 0.2 dB, the optimum value of input VSWR is 2.5 that 
coiTC'oponda to the feed location (x/a^, y/Sg) - (0.5, 0,175)* 
Thus in the present case -the input VSWR cannot be improved 
further if tho axial ratio is to be maintained at 0.2 dB 
{which is the host ohtslnahle for the ahteuna investigated). 

Similar variations of VSWa and axial ratio are obtain 

^ h i-stip v/a = 0.5 line for 

when the feed is located on the line y/ g 



FIG. 6-17 VARIATION OF AXIAL RATIO AND INPUT VSWR 
WITH FEED LOCATION ON x/vO'SLINE 
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0 < x/a^ <0.5 except liiat the sense of polarization is 
reverncul. The results on radiation characteristics of the 
nnt(*nna are reported in the next section. 

6.4 BANDWIDTH AND BEAMWIDTH 

Axial ratio and input VSWR are evaluated at several 
frequencies and tho corresponding handwidths are evaluated 
there {roin# Th© radiation pattern is evaluated at frequency 
(5,1 '50 GHz) where the axial ratio is the "best ohtainahle. 

The boamwidth is evaluated from the radiation pattern. 

6 ^ ihPd'fe VSWR and ax ial ratio with fr equengy 

The input VSWR as a function of frequency is evaluated 
for two different locations of feed port (Pig. 6.18). The 
choosun locations are (x/a^, 7 /\) - (0»5i 0.112) and 
(x/fi , y/a ) a (0.5» 0.2), The variation of input VSWR with 

il' i,i 

frequency (over the band of frequencies for which axial ratio 
remains loos than 6 dB), for the two feed port locations is 
illuntratod in Fig, 6.18. The input VSWR (theoretical) 
varies from 5*1 at 20 MHz below the center frequency 
(= 5. 150 OHz) to 2.8 at 20 MHz above the center frequency for 
feed location at (x/a^, = (0.5f 0.112). The corres 

ponding variation of input VSWR for location at (x/ag,y/ag) 
(0,5, 0.2) la from 2.4 to 2.2. The experimental values of 
input VSWR for one of the feed locations are also shown xn 

Fig. 6,18. 





X 




Experiment 


er=2-52, (v2'9r75cm, 
p a 2*6 cm , v\^2*0 mm, 

" i 

Substrote thicknessal/B 


20 

Frequency (MHz) 

FIG-6-18 VARIATION OF INPUT VSWR WITH 

TWO DIFFERENT LOCATIONS OF INPUT PO 

0-5 LINE (COAXIAL FEEDING) 
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Tho variation of axial ratio with frequency is illustra- 
ted in 6.19. The bandwidth (for axial ratio less than 

6 dB) to '59. ‘i MIIz which corresponds to 1,134 percent for 
center frequency 3.13O GHz. The experimental results are also 
plotted in Fig. 6.19. The measured value of axial ratio 
bandwidth is 38,0 MHz (» 1,214 percent). 

From Figs. 6,18 and 6.19, it is found that the antenna 
bandwidth I0 limited by axial ratio and not by input ?SWH, 
the input ?SWR remaining practically constant over this 
bandwidth, ■ 

6.4*? Radiation pattern an d beamw^th 

Th<? mdintion pattern is evaluated at the center frequency 
(3.1*50 OHz) where the axial ratio is the best obtainable 
(^0.2 cUi). feed port is considered to be located at 

(x/a , y/a.) =. (0.5, 0.112). The radiation pattern in 

© G 

9- 90° plane is shown in Fig, 6.20. The difference 
between tho amplitudes of and remains less than 3 dB 
for -58® < » < 58® and less than 6 dB for -69® < 6 ^ 69 . 

The bcfimwidth is thus II6® for 3 dB difference between 
|B,| and py and is 158° for 6 dB difforenoe betwoan 

and . 

6.5 I'bCPEHlMKNm RESULTS 

A photograph of the fabricated antenna is show in 
Pig. 6.21. The experimental set up is dioun in Fig- 4.J2. 



Frequency (MHz) 


FIG.619 VARIATION OF AXIAL 


ratio with FREOUENCY 



246 





SUBSTRATE THICKNESS^Wb" 

er:2-52 

a«s 2^9175 cm 

pg= 2*6cm,wc:2*0mm 

y| = 0'112ae , Frequency; 3-130 GHz 





0 = 0 * 



FIG.6-20 RADIATION PATTERN Cm <t)::90ptone)FOR 

A SQUARE PATCH ANTENNA WITH A 

DIAGONAL SLOT 
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6.?1 Photograph of the square patch 
antenna with a diagonal slot 
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The m(;Aour omenta were carried out with feed location at 

■* 0,112) aa shown in Pig, 6.18. The 

mr>nntrred valuca of input ?SWH and axial ratio are plotted 
in 6. IB and 6,19 respectivel^jr. The theoretical and 

moaaiirod values ore found to be in agreement. Pig. 6.22 
illustrates the experimental and theoretical values of 1 

Q '0 

and. In 15? » 90 plane. The agreement between measured 
and thoorutical values of is veiy good for -40° <8 < 40 °. 
Tho measurofi values of agree precisely with the respective 
thoori-tical values. 

Table 6,2 gives a summary of the results of investigations 
cnrrltHl out on tho square patch antenna with a diagonal slot. 

6.6 Oi:3(nUJ3rON3 

A nquffrt; patch with a diagonal slot is analyzed and 
optinilzt.tl (for S-band operation) using the desegmentation 
method* The mechanism of operation of the antenna is 
explained in terms of the voltage and the magnetic current 
momemt diatributions of two orthogonal modes. The resonance 
t'requunoi('0 of those modes are calculated and verified 
expi^rimtmtall^. Tho effect of slot dimensions on the axial 
ratio la atudiod. The feed location is optimized for 
minimum input V'JVR. lower values of input ?SWR can 
Obtained if thinner substrate is used as observed in the 
caaao of diagonal fed antennas reported in Chapter Four, and 
tho corners chopped antennas discussed in P 




0 = 0 * 



FIG.6-22 


theoretical AMO EXPERIMENTAL 
VALUES OF FARE FIELD COMPONENTS 




TaTale 6.2 


Performance of a square patch antenna . 

wiih a diagonal slot (Sihstjfate -thickness = Vo » 
Et* =s 2.52, Effective dimensions of "the slot; - 
2.6 X 0.2 cm2‘, Effective dimensions of the 
square patch = 2*9175 x 2.9175 cm2) ^ 

Physical dimension pxw = 2.89x0,47 cm ; 
axa s: 2.602x2.602 cm2 


Theoretical 



1, Center frequency 

2, Resonance frequencies 
of orthogonal modes 

3, Axial ratio at center 
frequency 

4, Bandwidth for axial 
ratio < 6 dB 

c Input VSWR at the 
chLan food location 

6. Boamwidth for 

difference Between 
I E^l and 

i) < 3 dB 

ii) < 6 dB 


3.130 GHz 

3,063 GHz; 
3,212 GHz 

0.198 dB 

35,5 MHz 
(1.134 percent) 

2.9 


-58® < e < 58® 
.69® < © < 69® 


5.130 GHz 

3.060 GHz? 
3.210 GHz 

0.2 dB 

38.0 MHz 
(1.214 percent) 

2.9 


—62® <0 < 62® 
-75® < © < 75° 
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The axial ratio limited bandwidth of Idle diagonal slot 
square patch antenna is found to be 38 MHz which is larger 
than that for the other two types of antennas investigated. 

The radiation pattern and beamwidths are evaluated. Bie 
theoretical and experimental results are found to be in good 
agreement. Thus it is demonstrated again that the desegmenta- 
tion method, proposed in Chapter Three, along with the Creen s 
function approach proposed in Chapter Two can he used for 
analysis and design of miorostrip antennas. 



CHAPTER SEVER 


CONCLUDING REMARKS 

The work reported in this thesis can be broadly 
categorized as : (i) extension of the Green’s function 
bT 2*“d circuit analysis to the analysis and 
design of microstrip antennas, (ii) proposal of a new 
technique for analysis of 2-d components, and (iii) appli- 
cations of the proposed techniques to single feed circularly 
polarized microstrip antennas. 

7.t ANALYTICAL TECHNIQUES 

The Green’s function approach with magnetic wall 
boundary conditions, a technique often used for analysis 
and design of 2-d components, has been extended to the 
analysis and design of microstrip patch antennas. In the 
proposed technique, the antenna is treated as a multiport 
lossless resonator. For a regular shaped antenna, the 
Z-matrix of the multiport network model is evaluated using 
tho appropriate Green’s function. For antennas having 
irregular shapes, use of the segmentation and/or desegmen— 
tation is proposed for evaluation of the Z— matrix. Since 
the multiport network is considered lossless, -the elements 
of the Z-matrix are purely reactive. Therefore, taking the 
' j ’ operator common, the Z-matrix is evaluated treating ihe 
entire matrix as real. This results in saving of computa- 
tional time and computer storage required. 
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The radiated power is taken into accoimt hy terminating 
the ports of the multiport network hy radiation resistances 
[50]» It is at this stage of computation process that the 
elements of Z-matrix of the lossless multiport model are 
treated as reactive, those of the radiation resistance 
network being purely resistive, and the elements of the 
resultant Z-matrix for loaded multiport network become 
complex. The input impedance (and therefore input VS¥R), 
the voltage along periphery, the equivalent magnetic cuirent, 
and radiation characteristics are evaluated consequently. 

For microstrip feed, the width of the input port is 
considered equal to that of the feed line. In case of 
coaxial feed, the width of the input port is taken equal to 
the diameter of the pin of the coaxial connector. This is 
an approximation to the actual physical situation. Also the 
losses in the dielectric substrate and in -Bie conductors 
of the patch have been ignored. The contribution of surface 
waves is also not taken into account, Oliese approximations 
are likely to contribute to the difference between the 
theoretical and experimental values of input 7SWR. However, 
the thoorotlcal and experimental values of axial ratio are 
found to be in good agreement over the entire band of 
frequencies of interest. At and near the center frequencies 
the agreement has been found to be precise. 
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A nev te Clinique called 'de segmentation meliiod’ has been 
proposed for analysis of 2-d components. In this method one 
or more regular segments (p) are added to the given irregular 
shaped a— segment anch that the combination, called 
is either a regular shaped segment or a combination of 
regular shaped segments. Characterizations of oc— segment in 
terms of either Z— or S-parameters are obtained from those 
of the p- and The p- and are analyzed 

using Creen’s function(a) and segmentation method if needed. 

The applicability of the method has been illustrated by 
oxamples of lumped circuits, of transmission line circuits 
and those of planar circuits. It has been pointed out that 
the desGgmentation method is expected to be more efficient 
than the segmentation method in situations wherein the 
p— segment is much smaller than a- and Also in 

some situations the segmentation method is not applicable 
whereas the desegmentation method can be used for analysis. 

An alternative procedure for efficient evaluation of 
Z— matrices using desegmentation method has also been proposed 
in Chapter Three and has been used in Chapter Six for analyzing 
antema with a diagonal slot. It has been pointed out that 
for 2-d components the procedure for evaluation of Z-^atrloes 
is moro efficient than that In tenas of S^atrloes. The 
formulation of the desegmentation method in terms of S- 
matrloes has been employed to evolve a generalised method for 
de-embedding of multiport networks. 
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7 - 1 . 1 Applications 

G-rccn’s function approach and the desegmentation method 
proposed in this thesis haroheen used to analyze and optimize 
three types of single feed circularly polarized micro strip 
antennas* The Green’s function approach has been used to 
design diagonal fed nearly square patch antennas for circular 
polarization in S-band. The medianism of operation of this 
typo of antennas has been explained in terms of the voltage 
distribution of two orthogonal modes. The length to width 
ratio of the rectangle for best axial ratio has been found 
to depend upon the dielectric constant and -fee 'thickness of 
the substrate. Optimum feed location for m in i m um VSWR has 
been dotormined. Effect of substrate thickness on axial 
ratio bandwidth and input VSWR have been investigated. It 
has been observed that better input VSWR values are realized 
for antennas on thinner substrates but the axial ratio band- 
width reduces by nearly 40 percent for 50 percent reduction 
in the thickness of the substrate. The study of the three 
diagonal fed antennas reveals that perfect impedance matching 
with 50 ohm coaxial feed line is not possible for this "type 
of antennas. The reason for this is that two modes are to be 
excited simultaneously f with a single feed and tiiis restricts 
the locations of the feed so that polarization characteristic^ 
are not affected. The antennas have been found to have axial 
ratio limited bandwidths, the input VSWR variations being 

the bands of frequencies for ^fiiich axial 


very small over 
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r.tio ro»aius less than 6 ®. Bxe for ifxe «.ree 

stuaiod ore foord fo .e near^ e,oal. f.e f.eore- 
results have teen verified experimentally in two oases 

of th.G aiitcimas* 

S_nsnd oomers chopped square Patch antennas have he^n 

...X. od. desired and optimised usin. dese^entation met^d. 

:: different desire on suhstrates -in« thichness^e^^l^ 

to 1/6" and 1/16" are reported. The principle of op 

4. ' for circular- polarization is explni 

the antenna for ciroila ^.^onance 

m of two orthogonal modes, 

forms of existence oi n crption 

are evaluated. Tl^e polarxzatxon 

f.o<iuoncios of these modes are 

^ 4 4rwo input V3WR, and radxatxon p 

charactoristios. P tand- 

ovaluatod. It hao vatrate thiohness is 

a the inpnt tSWR reduce when substrate 
Width and the inp antennas also. 

m 4 Vi fhe case of diagonal ioa ai 
reduced as found in the e^periiaen tally. 

i+<= have been verxfxea 

The thoorotioal results ^tennas are found 

viol fed antennas, these an 

compared to dxagonal values. 

ooorer amial ratio handwidths and 

. ed scuare patch antenna with a 
A oirmlarly aesesnentation method 

diagonal slot design. Main i^e 

has boon omployei , „ of two orthogonal modes, 

operation is explained ih g^ibstrate choosen 

thlohness and dielectric cons 

are l/8" sfi4 J' j^eduenoies. T>io radiation 

a.a evaluated as functions 


The 
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patterns and 'beamwidths are reported* Ihe -theoretical 

♦ 

results have been verified experimentally. 

A comparison of the performances of the three types 
of antennas (for substrate thickness *1/8" and e =2,52) is 
given in Table 7,1, 

Table 7.1 Performance parameters of three types of antennas 
(experimental) 

(Substrate thickness = l/8*, = 2.52) 



Diagonal fed 
antenna 

Comers 

chopped 

antenna 

Square wi^h 
diagonal 
slot 

1 . Center frequency 
• (mz) 

3.015 

3.175 

3.130 

2, The best axial 
ratio (dB) 

0.5 

^0.0 

0.2 

3. Bandwidth (MHz) 
for axial ratio 
< 6 dB 

34.8 

(1.086/d ) 

29.4 

(0.925?^ ) 

38.0 

(I.2l4fd ) 

4. Minimum input VS¥R 
at center 
frequency 

1.72 

2,26 

2.3* 


*The looa-tion of the feed ohoosen in experimental staaies was 

not tho optiinujii and th6 ©xporimsntal value of vSWS is 


The patch antenna with a diagonal slot is thus 

found to have the largest bandwidth •sdiereas -the minimum 
input Yam is obtainable with a diagonal fed antenna. The 
oomers chopped antenna haa the heat axial ratio 0.0 dB) 
but has the minimum axial ratio bandnidth. 
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7.2 SUGGESTIONS FOR FURTHER INVESTIGATIONS 

I)e segmentation meliiod proposed in this thesis can be 
used for analysis and design of variety of microstrip antennas 
and circuits. Some further applications are suggested below. 

In addition to the three types of antennas discussed in 
this thesis, there are olher antenna configurations proposed 
for obtaining circular polarization. These have been mentioned 
in Section 1.2,3 and one such configuration is shown in 
Pig. 3.13(c). Desegmentation method can be used for analysis 
and optimization of these configurations also. 

For the pentagon antenna [28], the ^ape of Fig. 1.10(f) 
can bo obtained by removing one 30^-60° triangle (p^) and one 
equilateral triangle (p^) from a larger 30°-60° triangular 
shape (y^) QS shown in Fig, 7.1(a). The desegmentation 
method can, therefore, be used. An alternative procedure is 
to employ, both, the segmentation and desegmentation methods. 
The; segmentation method is used to combine two 30^-60° tri- 
angles to obtain a kite shaped configuration (Y2) illustra- 
ted in Fig. 7.1 (b). To obtain the pentagon ^ape from the 
kite, an equilateral triangular segment (p) is chopped off 
from the kite by using de segmentation. 

The circular disk antenna with a slot [43], shown in 
Fig. 7.1(c), is obtained .dxen a rectangular patch is removed 






FIG* 7*1 (a) DESEGMENTATION APPLIED TO PENTAGON 
(b) .SEGMENTATION AND DESEGMENTATION 

applied to pentagon (cIOESEGMENTATION 
OF A SQUARE WITH A CORNERS CHOPPED 
SQUARE REMOVED 
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from a circular disk. The regular circular ^ape of 
Pig. 7.1(d) forms the y-segment and liie rectangular patch 
removed is the p-segment. The segments p and y can he analyzed 
by using G-reen’s functions [l]»[5]. The desegmentation method 
can, therefore, be used. 

Por the antenna shape [45] of Pig, 7.1(e) the y-segment 
(Pig* 7.1(f)) is obtained when a comers chopped square patch 
(p-BOgmont) is added to the given shape. The p-segment can be 
analyzed by employing desegmentation method using Ihe procedure 
described in Chapter Pive. Green’s function for rectangle [t] 
is used for analyzing the y-segment. Thus in this analysis 
the desegmentation is used twice. 

Circuit analysis and design 

Desegmentation method is suitable for analysis and com- 
pensation of discontinuities in stripline and mi<n*ostrip 
circuits. This method has already been used by colleagues in 
the group [59] for compensation of microstrip bends, steps 
and T-junctions. The technique can be extended to other 
types of discontinuities also. Some such discontinuity 
configurations which could be investigated are ^own in 
Pig. 7.2. 

Por a cross- junction discontinuity, -the reactances may 
be compensated by removing a square patch from the junction 
aa shown in Pig. 7.2(s). speculated on the basis of 

the fact that a T-junotton (whici is half of the cross- 



i 




OF segmentation applied to three 

STfNU„V CO«P.OO.At,ONS 
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Junction) is compensated by removing a triangle and a bend 
(which, can he considered as one fourth of the cross- junction) 
is compensated by chopping off the comer, Cross-Junction 
with a square slot removed can be analyzed by desegmentation 
method* In this case, the p— segment is a square and the y- 
segment is a combination of rectangular segments* Green’s 
function for rectangle [i] can be used to characterize the 
p-segment. The segmentation method [4], [23] can be employed 
for evaluating the S- or Z-parameters for Ihe y-segment. 

Other two discontinuities, i.e* notch (Pig. 7*2(b)) and 
a circular hole (Pig. 7.2(c)), are introduced intentionally 
for obtaining inductive reactances in the circuits* In these 
cases we need only characterization (and not compensation). 

For the notch discontinuity, the a-segment of Pig. 7.2(b) 
is obtained by removal of a rectangular patch (p) from 
another rectangular patch (y). Thus the method of desegmenta- 
tion can be employed for characterization of the notch. 

In case of circular hole discontinuity, a circular patch 
(p) is added to the a-segment (Pig. 7.2(c)) for obtaining the 
rectangular y-segment. As p— and y— segmoits are both 
regular shapes, these can be characterized by Green’s functions 
[5],[l]. a-segment can be characterized in terms of 

the characterizations for p- and y-segments employing deseg- 


mentation method. 
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Green’s function approach and segmentation-de segmentation 

techniques can also he employed for analysis of MICs employing 
suspended and inverted microstrip configurations shown in 


Fig. 7.3. A planar waveguide model for such circuits is 
necessary for this poxpose. As in the case niciostriP and 
striPline ciroulis, fringing field can ne accounted for ny 
extending the physical boundaiy outwards. The foimulas for 
extension of the physical boundaries (Ihg. 7.3(a) and b 
and for effective dielectric constants for such circuits 

would ho needed. 



2 64 



S = Extension of boundary 



FIG-7'3 (a) A SUSPENDED MICROSTRIP CIRCUIT 
AND THE EXTENSION OF BOUNDARY 

(b) AN INVERTED MICROSTRIP CIRCUIT 
AND EXTENSION OF BOUNDARY 



APPENDIX A 


CAICULATION OP Q FACTOR FOR RECTANGULAR PATCH 

ANTENNA 

The quality factors of the two orthogonal modes of 
the rectangular patch of Fig. 4.1(a) are defined as 

Q^q 25 2nf Qq^i = Pitf Rq ^ Cq^ (A.I) 

The values of the capacitances Cq^ and C^q are given hy 

C^O « 5= a b/2d (A.2) 

where d and denote the thickness and dielectric constant 

r 

of the substrate, is the permittivity of the free-space, 
end a and b are the length and width, respectively, of the 
rectangular patch as shown in Fig. 4.1(a). 

The values of the resistances Rq^ and R^q (the radiation 
resistance values) for the two modes, corresponding to the 
lengths of the sides a and b, are calculated using the 
relation given in [50]. 

The quality factor Q for the antenna is expressed as 

n ^10 (A.3) 

The preceeding equation is used to calculate the value of 
the factor ( 1 + ^) for the three diagonal fed antennas 

discussed in Chapter Four. 



APPENDIX B 


MEASUREMENT OP DIELECTBIC CONSTANT 

The dielectric constant of the substrates used for 
fabricating the antennas was measured as follows* 

A half-wave resonator in stripline configuration is 
fabricated. The resonator is excited by gap coupled feed line 
as shown in Pig. B,i. The extension in the length of the 
resonator to account for the fringing field at ihe ends is 
given by [l3] 

6 = {B .. 1 ) 

% 

where d is the thickness of the substrate. The widths (W) 

0^ the feed line and the resonator are choosen equal to that 
of a 50 ohm stripline with an assumed value of e^, = 2.55* 

The resonance frequency is measured and the dielectric 
constant is calculated therefrom as 


(B.2) 
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F16-B-1 A STRIPLINE HALF-WAVE RESONATOR 
WITH UPPER PLANE REMOVED 
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